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Preface 


In 1974 the Geophysics Researdi Board completed a plan, ^bsequofitly approved by 
the Committee on Science and Public PoMcy of the National Acad^y of Sd^ices, for 
a series of studies to be carried out on various ^b]3cts re.ated to geophysics. The 
Geophysics Study Committee was established to provide g^iidance in the conduct of 
tl^ studies. 

One purpose of the studies is to provide assessm^ts from the sci^tihc community 
to aid policymakers in decisions on societal problems that involve geophysics. An im- 
portant part of such an assessment is an evaluation of the acfequacy of present geo- 
physical knowledge and the appropriateness of present research programs to provick 
information required for those decisions. Some of the studies place more emphasis on 
assessing the present status of a field of geophysics and identifying the most promising 
directions for future researdi. 

This study was initiated in response to the recommendation in the report Geolog- 
ical Perspectives on Climatic Change (National Academy of Scieiu:es, Washington, 
D.C., 1978). The recommendation called for the following; “(1) to assess the state of 
the art, . . . and to stimulate progress in geological aspects of climate research; (2) to 
evaluate comprehensively and in detail the re^^arch opportunities in, the operational 
needs of, and the scientifi? and societal relevance of geological and geophysical pro- 
cesses affecting the understanding of climate and climatic foreca^ng; and (3) to 
recommend the appropriate geological content of a national and global climate pro- 


xi 


gram.** In considering this recommendation, the Geophysics Study Committee fdt 
that die major geologic and geophysical questions concerning climate were tiuise 
found in the pre-Pldstocene (olcbr than 2 million y^urs) record. 

The study was developed throu|^ meetings of the Geophysics Study Committee 
and the Pand on Pre-PleistoceiM Climates. The prdiminary scientific findings of the 
pand were presented at an American Ceo{Ayrical Union meeting that took {dace in 
Toronto in May 1980. These presoitations and the essays contained in this volume 
provide examples of current basic knowledge of the climate in the geologic past. 
also pose many of the fundamental questions and uncertainties that require addi- 
tional research. In completing thdr papers, the authors had the benefit of discussion 
at this symposium as wdl as comments of several scientific referees. ResponsibUity for 
the individual essays rests with the corres{x>ikUng autlmrs. 

The Overview of the study summarizes the hl^i^ts of the essays and formulates 
condusiom and recommendations. In prqiaring it, the pand chairmen had tl^ 
b^iefit of meeting that took place at the symposium, tl^ comments of the pand of 
authors, ami sdected rderees. Responsibility for the Overview rests with the Geo- 
{diysics Study' Committee and the chainnai of the pand. 
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and 

Recommendations 


INTRODUCTION 

The long record of climate on the Earth is valuable in understanding how the climate 
system works. The study of past climates can conveniently be viewed on three time 
scales: (1) the last 10,000 years; (2) the period back to 2 million years ago (Ma)— the 
Pleistocene Epoch, which witnessed the rise of man; and (3) the pre-Pleistocene 
period prior to 2 Ma. Much attention has already been devoted to the records of 
climatic change in the first two intervals; this study is devoted to the third, the vast 
(billions of years) pre-Pleistocene period of Earth history. The climate record is con- 
tained in strata and rocks of the continental crust and in sediments of the oceans. By 
examining this record we can learn much about the long-term changes in climate, 
what the state of climatic normalcy has been back into remote periods of geologic 
time, and what some of the factors are that perturb this state and by how much. We 
offer here a summary of achievements in understanding ancient climates and of cur- 
rent research problems and make recommendations concerning profitable avenues 
for future research. 

Climate is the result of flow of the air and ocean system on the rotating Earth in 
accordance with the laws of physics. These fluids flow and interact within a geo- 
graphic setting determined primarily by the arrangements of land and sea, the orien- 
tation of mountains and lowlands on continents, the depths of the oceaas, and the 

3 


Preceding page blank 



Overview and Recommendations 


location of ocean gateways. The total system is complex, and climate is the result of 
the interplay between the air, ocean, and land on a range of time scales. These scales 
range from the short period, dealt with in weather forecasts, to long-period changes 
resulting from changes in atmospheric composition and the drift of continents on the 
mobile lithosphere. 

Meteorologists are currently developing computer models of the atmosphere that 
give increasingly accurate descriptions of the global circulation. Through the use of 
such models in the decades ahead, they will explain the flow of air and the movement 
of weather patterns. In addition, oceanographers are attempting to understand the 
way the ocean works. In time their models can be combined with atmospheric 
models leading to general-circulation models of both the air and the ocean waters. 
Most changes within the ocean system take place over many centuries, so the study of 
oceanography aimed at such time scales as well as over shorter times must be melded 
into the framework of the weather and climate models, which deal with changes 
over days, weeks, months, and years. Paleo-oceanography, concerned with describ- 
ing the ocean system back farther into time, can be expected to reveal how longer- 
term components of the ocean play their part in the way the climate system works. 

Geologists and geophysicists, employing the concepts of plate tectonics and con- 
tinental drift, are now reconstructing past arrangements of lands and seas for the last 
several hundred million years. These reconstructions are providing boundary^ condi- 
tions for investigations by paleo-oceanographers and paleoclimatologists. In the near 
ftIfuTt* they will lay out the framework for computer modeling of ancient climates. 
With enough information from sediments on the seafloor and strata within the con- 
tinents, an iterative approach promises to disclose how changing land-sea patterns 
and topography and bathymetry influence the flow of ocean waters, which, in turn, 
strongly influence the circulation pattern of the atmosphere. By comparing dif- 
ferences in the factors controlling past climates we will learn of the checks and 
balances in the system and of the complex feedbacks, overshoots, and dampenings. 
We will learn what physical mechanisms bring the perturbed climatic system back to 
a near-steady state. The climatic record contained in strata will provide information 
on what past climates were like, on how quickly they changed, and on how^ large 
these changes were. Nature has performed a large number of experiments during the 
course of Earth history, and the geologic record contains the outcome of these ex- 
periments. 

In this Overview, we summarize key factors for the understanding of climates in 
particular periods in the pre-Pleistocene and various approaches (synoptic, time- 
series, and event analyses) for investigating ancient climates. We also make several 
specific recommendations for future investigations. Detailed discussions of recent ad- 
vances in understanding ancient climates appear in the chapters that follow this 
Overview. 

Our principal goal is to encourage specialists in all the earth sciences to find ways 
that their disciplines can contribute to understanding the complex atmosphere-ocean- 
land interactions that constitute the climate system and its variations through time. 


WHY STUDY ANCIENT CLIMATES? 

Climate, its variation, and its change are closely linked to the growth of our crops, 
to our well-being, and to the economy. Consequently, predictions or forecasts of 
short-term climate changes promise .substantial benefits. Recognizing this potential. 
Congress recently enacted the National Climate Program Act, which calls for *'a 
well-defined and coordinated program in climate-related research, monitoring, 
assessment of effects, and iniormation utilization*' (U.S. Congress, Public Law 


4 



Overview and Recommendations 


X 

95-367, 1978). Improvement in the understanding of climate has become urgent in 
view of the potential for inadvertent climate modification by our industrial societJ^ 
Heat and particulates are released to the atmosphere and affect climate both locally 
and regionally, and perhaps ev«i globally. The greatest potential global impact fe 
from carbon dioxide release (NRC Geophysics Study Committee, 1977; NRC 
Climate Research Board, 1979; NRC Climate Board, 1982). At present, the rate of 
carbon dioxide added to the atmosphere is about 0.7 percent per year of the at- 
mospheiic carbon dioxide content. The input of industrial carbon dioxide has been 
called a “geophysical experiment” of unprecedented scope — an experiment whose 
course and outcome is unplanned and unknown. On the whole, a global warming 
over the next century is indicated: a doubling of atmospheric carbon dioxide would 
raise the global temperature by some 2 to 3"^C (Hansen et aZ., 1981; NRC Climate 
Board, 1982). 

To obtain the necessary perspective on present climatic conditions, we study an- 
cient climates. How stable is the present climate, and how has it changed with time? 
How fast might the present climate respond to pertubation? What might be the ef- 
fects of rapid change of climate on the biosphere? Any changes in the biosphere, con- 
sisting namely of changes brought about by human activities in agriculture and in 
the forests, will have profound economic and political consequt ices. Because model- 
ing of the climate system over time spans more than a decade is st‘" rudimentary, ap- 
praisal of rates of climatic change need to be extracted from the historical and 
geologic record. 

Many important materials owe their origins to the interplay of climatic variables 
both in the oceans and on land. Petroleum and natural gas, for example, have at 
times and at places originated where wind-driven upwelling of deep ocean water en- 
couraged the flourishing of microscopic algae, resulting in organic-rich muds on the 
seafloor. Marine phosphate deposits, important as fertilizers in crop production, 
were also largely associated with regional upwelling. Bauxite and laterites, prime 
sources of aluminum and nickel, respectively, resulted from extensive deep weather- 
ing of crystalline rocks under warm and humid conditions. Manganese deposits and 
coal also require specific climatic conditions for their origin. Coal deposits derive 
from swamps, generated in a humid climate. Much of our knowledge about past 
climates results from the search for such economic deposits, and our ability to locate 
additional resources will be improved by an increased understanding of climates 
throughout Earth history. 


PAST CLIMATES 

The geologic record showi that surface temperatures on Earth have not been too dif- 
ferent over most of the Precambrian and Phanerozoic times from those of today 
(Frakes, 1979). Seditnentary rocks deposited 3500 Ma and since show that water has 
been predominant!) present in its fluid state in the past as it is today. The air-ocean 
system has been driven by the Sun*s energy as it is today. Life flourished and kept 
evolving within the seas and later upon the lands. Climate has been remarkably 
stable when viewed in this time perspective. 

Paleoclimatic investigations can be grouped into three general time periods on the 
basis of the precision with which the climatic record can be read, the tools and 
techniques available for study, and the applicability to future climate forecasts. 
Studies of the most recent period make use of instrumental, historical, and high- 
resolution proxy records and are the most definitive. Proxy data, such as tree rings, 
glacial records from ice cores, and pollen distributions, have extended our detailed 
climate knowledge back some 10,000 years ago. The goals and challenges of these 
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FIGURE 1 Reference geologic time scale and generalized climatic trends (Seyfert and t^rkin, 1979) for 
the last 600 million years. 


types of investigations have been covered in previous reports, for example, Under- 
standing Climatic Change (NRC U.S. Committee for the Global Atmospheric Re- 
search Program, 1975). 

The second period is the Pleistocene Epoch, a time of alternating glacial and in- 
terglacial stages that extends back to about 2 Ma. Major advances in understanding 
the climate of t!iis interval have resulted from quantitative approaches similar to 
those used in the CLIMAP (Climate, Long-Range Investigations, Mapping and 
Prediction) program. Recent results of such investigations are summarized by Imbrie 
and Imbrie (1979). 

The subject of this report is the third period, the pre-Pleistocene (Figure 1), a 
period that encompasses the entire geologic record older than 2 million years (m.y.). 
The goals pursued through the study of pre-Pleistocene climate are as varied as those 
of historical geology itself, as indicated by the range of the specific contributions in 
this study. 


PRE-PLEISTOCENE CLIMATOLOGY: A MATTER OF SCALE 

The central task of paleoclimatology is to describe the climatic patterns throughout 
geologic time and to understand the trends, cycles, and discontinuities in these pat- 
terns— in short, to find out how the climate system works. 

Weather elements include temperature, precipitation (as either rain or snow), 
wind strength and direction, cloud cover, and humidity; climate consists of weather 
patterns in time and space. In human affairs, climate usually refen to the sum of 
weather patterns over periods of months to a few years. Changes in some weather 
elements from one decade to the next, such as changes bearing on the occurrence of 
droughts, are of course significant. In reconstructing past climates from the geologic 
record, however, we are forced to integrate over longer and longer intervals as we go 
back in time. In general, the further back we go, the less sure we are of the ages of 
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our sample and of the spans of time they represent. Because of the increasing number 
of unknowns in progressively older records, the type of questions we can hope to 
answer must change with the age of the record. We can conveniently consider the 
available record of pre-Heistocene climates on five different time scales. 

1. The most detailed climatic records can be constructed for the time during 
which the continents were essentially in their present positions and, as today, the 
polar areas had snow and ice. The onset of northern continental glaciations, about 3 
Ma (Berggren, 1972; Shackleton and Opdyke, 1977) marks the beginning of this 
period. Essentia i.. , the climatic mechanisms of the Pleistocene (1.7 Ma to the pres- 
ent) apply. 

2. The second scale applies to the time during which we have an adequate sedi- 
mentary deep-sea record. This period spans about the last 100 million years. Paleon- 
tology and geochemistry of the deep-sea sediments provide detailed climatic signals 
on a global basis. In addition, the positions of continents and the morphologies of 
ocean basins— both of which affect the atmospheric and oceanic circulation— can be 
reconstructed from seafloor paleomagnetic information. Because there are more un- 
certainties on this scale than on that in 1, above, our understanding of climatic 
change within this period will necessarily be less complete. However, some of the 
questions that can be asked regarding changes, variations, and repetitions over 
reiativel) long periods will lead to new insights not derivable from Pleistocene 
studies. 

3. The third scale applies to the last 200 Ma or the time since the disruption of 
Pangaea, the early Mesozoic supercontinent that made up of most of the Eardi’s land 
masses. Although there are several reconstructions of Pangaea, the differences refer 
largely to detail: the broad outlines of paleogeography are reasonably well known 
(McElhinny and Valencio, 1981). A deep-sea sedimentary record exists for some of 
this period but is much less complete than that of the 0-100 Ma record. 

4. The fourth scale includes the entire Phanerozoic, nearly 600 m.y., the time for 
which we can read climatic zonation from biogeography, aided by geology and geo- 
physics (positioning of the continents), geochemistry (mapping of climate-sensitive 
deposits), and interpretations based on data from strata incorporated in the con- 
tinents. It includes all of Paleozoic time. 

5. The fifth scale is applicable to Precambrian time and includes the entirety of 
Earth history except for the last one seventh. Climatic information exists for this 
scale but is scarce and commonly imprecise. On this scale, we see the chemistry of the 
atmosphere change in response to the evolution of organisms. On the whole, oxygen 
content increases and CO 2 content decreases. 

On each of the time scales, we are interested in learning what were the inputs to 
the climate system, its boundary conditions, its inner workings, and the way it re- 
pressed itself in the geologic record. The levels of detail of description and of under- 
standing differ considerably for the various scales considered. For the most remote 
intervals, such as those within the Precambrian, statements about typical tempera- 
ture ranges on the surface of the Earth and about limits on atmospheric composition 
and on solar radiation may be all that can be hoped for. For the Paleozoic Era, fossils 
provide clues, and it is possible both to recognize climatic zonations and to estimate 
the rates of change of such zonations. Yet even within these remote times, there may 
be glimpses Into climatic cycles, based on continuous sequences of finely layered 
rocks. We may be able, for example, to test the concept of the Sun being a stable star 
for thousands of millions of years. 

Continental configurations of the Mesozoic Era are reasonably well known. How- 
ever, the geologic-geochemical setting during this era is different enough from 
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todays so that we cannot unambiguously reconstruct pole-to-equator temperature 
gradients or humidity patterns. From the middle Cretaceous on, we have the advan- 
tage of extensive deep-sea records of the nece^ry time constants that contain de- 
tailed climatic signals of global significance. The record of the last 100 Ma will there- 
fore be most productive in our search for the sequences of climatic change and their 
causes. 

The Tertiary Period, and especially the Neogene part, is well represented by deep- 
sea sediments, and it is possible to extract information on details such as temperature 
anomalies within latitudinal bands. 


SYNOPTIC STUDIES 

Paleoclimatic investigations can be conveniently characterized by three approaches: 
synoptic studies, time-series studies, and event and episode analysis, as summarized 
below. 

One way to study ancient climates is to select convenient intervals of past geologic 
time and to assemble all pertinent information bearing on climate within that inter- 
val, that is, to study synoptic intervals or time slices. The length of the time slice 
selected is determine by the time control available, and it should be short enough so 
that climate change is minimal through its duration. Difficulties of correlation and 
the fact that the record is more complete for younger periods than for older ones 
mean that time intervals are longer and less truly synoptic as we go back in time. 
The crucial ingredients of synoptic analyses are reliable reconstructions of continen- 
tal positions and accurate stratigraphic correlation from one continent to another 
and from continents to ocean basins. 

The comparison of reconstructed climatic zones with present-day belts has been a 
traditional approach in such studies. For example, interpretation of the latitudinal 
distribution of coral reefs, evaporite deposits, coal deposits, and glacial moraines has 
relied on present-day analogies; this is also true for studies of the biogeography of 
plant and animal fossils. This analog approach involves the establishment of bound- 
ary conditions such as the distributions of continental landmasses, continental 
shelves, and ocean basins; the presence and extent of snow and ice (Figure 2); the 
overall pattern of surface albedo (insofar as it is dependent on snow and plant cover 
and the area of the seas and oceans); and the sizes and fluxes among the important 
carbon reservoirs influencing the carbon dioxide content of the atmosphere. The dis- 
tribution of land heights and the location of mountain chains are also part of the 
boundary conditions. The distribution of climatic indicators and of theoretically ex- 
pected belts of temperature and humidity can then be compared avaw «.iiO reasons for 
mismatches within a given synoptic interval discovered. Once such understanding is 
achieved, synoptic maps acquire predictive value. Not only can climatic zones be 
cox-npleted by interpolation, but their probable extent and associated sedimentary 
deposits of zones, not yet discovered, may also be predicted. 

In studying the older geologic record we are commonly hampered by the lack of 
present-day or Pleistocene analogs. In the absence of a physicochemical understand- 
ing of ocean-atmosphere-land interaction, we need such analogies to provide 
guidance. Quantitative simulation of paleoclimates proceeds from using the present 
as an analog rather than from first principles of fluid flow. To understand the full 
functioning of the system, we need a greater array of climate conditions than the 
Pleistocene can yield. Nor does the Late Cenozoic yield enough analogs for more 
remote times. Although a synoptic analysis of the early Pliocene and late Miocene 
can be constructed from existing data, it Is insufficient as an analog for earlier times. 
Oceanic circulation was thermally driven in Cenozoic times, but there is evidence 
(Chapter 7) that it was driven by salinity gradients in tl^ Mesozoic Era. 
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FIGURE 2 Late Ordovidan ice flows 
in the Sahara (after Beuf et al., 1971). 


Precambrian Time 

For late Precambrian intervals, intercontinental correlation is imprecise and con- 
tinental masses are difficult to define and to place relative to one another and to the 
equator. For older periods within the Precambrian, the time slices become ever 
thicker and the identification of sites of sediment deposition become less precise. In- 
vestigations in the Precambrian must therefore focus increasin^y on the statistical 
significance of climatic indicators. As an analogy to sudi research in the fragmentary 
Precambrian record, consider what might be learned of tl^ Earth’s dimate today if 
it were visited by an unmanned automate^! spacecraft and latter. Ramk)m samples 
from the present Earth’s surface would be revealing. We probably would be able to 
reconstruct (1) the relative abundance of ocean, shdf, and land environments; (2) 
the fact that we live in an ice age but with warm tropics; and (3) the presence of con- 
siderable diversity in soil t>^pes. We might even be able to arrange the^ soil types in a 
series from those for which mechanical processes of soil formation predominate to 
those for which chemical processes prevail. 

In the collection of such data from the Precambrian sedimentary record, the over- 
representation or underrepresentation of certain regions or certain rock types needs 
evaluation. Such distortions come both from differential preservation of rode types 
and from acdck^its of exposure and location. Improvement is also neeefed in under- 
standing the systematic physical and chemical changes that can modify the sedimen- 
tary record after deposition and the effect of these postdepositional changes on the 
di.stortion of the climatic information. In addition, dqxisitional conditions may not 
have analogs in the present because the chemical composition of the oceans and at- 
mosphere was different from now. We suggest that studies in organic geoch«nistry, 
with its abundance of compounds and paihwa>s, have been underutilized in provid- 
ing uneferstanding of the postdepositional changes of climate indicators. The dia- 
genetic processes themselves may be climate controlled. 

The composition of the early Precambrian atmosjdtere was significantly different 
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from the composition of the present atmosphere. From astroph^cal theory and by 
comparison with the inferred evolution of other stars, it is assumed that the Sun was 
somewhat less luminous when the Earth was young (3000 or 4000 Ma). The r .''cq[>t 
that the Sun has continuously increased its heat output (by about perr .;nt) has M 

to a search for a balancing factor to the Earth’s temperature ho s pitabic . If the 
Earth's atmosphere had its current composition throu^out geologic time, calcula* 
tions (Budyko, 1969; Schneider and Dickinson, 1974) predict th,tt the planet would 
have been permanently ^aciated since near its beginning and wotlld not have 
thawed yet. If the early atmosphere were rich in carbon dioxide, an enhanced 
greenhoase effect would have ke|H the mean surface temperature of the Earth above 
freezing. 

The composition of some Precambrian strata indicates that the early atmo^hoe 
was poor in oxygen (Cloud, 1965). This has been inferred from study of the banded- 
iron formations found in ancient rocks over the world (about 2200 Ma). The trans- 
port of the iron without the concurrent movement of other materials (e.g., AI 2 O 3 ) to 
its depositional sites implies a carbon dioxide content of the Precambrian atmosphere 
approximately double that of the present atmosphoe (Rubey, 1951; Janies, 19W). A 
similar conclusion for atmospheric composition has been drawn from the Precam- 
brian gold-uranium-pyrite occurrences typified by the VVitwatersrand (South Africa) 
and Jacobina (Brazil) deposits. These have beoi intopreted as placers. Howevo’, the 
(ktrital uranium-bearing mineral and the py'iite would have been oxidized and 
made soluble in the surface waters if the atmosphere were rich in oxygen as it is today 
(Hutchinson, 1981). 


The Paleozoic and Mesozoic Eras 

For each geologic epoch within the Paleozoic and Mesozoic Eras, several synupde in- 
tervals hold promise for satisfactory' worldwide dimate corrdatioa. Within sudi 
time slices, those data on the geochemistry of sedimentary rocks and fossils that bear 
on climate need to be systematically collected and synthesized. For eadi time dice 
the former position of continents needs to be reconstructed, incorporating paleomag- 
netic and other data. Such reconstructions should be augmented by geophysical, 
geologic, and pertinent compositional information from sedimentologic investiga- 
tions. The sizes of the error margins alro need evaluation. If this is done properly, 
eadi reconstruction can start where tlie pre\'ious one left ^jff, thus adding further 
confidence. Estimates of the latitudinal gradients of temperature and humidity, for 
each time slice, will emerge from interpretation of the distribution of dimate in- 
dicators with the continental reconstructions. 

Such synoptic analyses are currently being attempted for several periods in the 
Paleozoic and Mesozoic. See, for example, time-slice analysis in Chapter 21 for Silu- 
rian-Devonian times and in Chapter 17 for the Jur&ssic Similar analyses have been 
attempted by Cray and Boucot (1979), Habicht (1079), and Ziegler el al. (1979). 


The Cenozoic Era 

\ti we move toward the present, the requirements of reconstruction of place and time 
are met with comparative ease. The reconstruction and interpretation of dimate, 
and especially of ocean-atmosphere interactions. ca;j now move from the levd of 
narrative toward one of numerical simulation. Such simulations have been at- 
tempted for the last glacial maximum in the Hei.stocene with signiRcant success 
(CLIMAP Project Members, 1976). 

We need synoptic inters’als fur an Earth w'ith n<'. (or minor) northern ice caps. One 
time slice* closest to the present and useful in this regard is a warm peak in the early 
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Plioc«ie. Further back in time, another irertructive interval occurred with, r, the 
early Miocene, when tl« Antarctic ice oip was small, Stratif ^phic corwiatioir' are 
probably a^uate within Miocene and Pliocene sequences, and data cot^rage is 
^d wviltnpnhi of agM are availahie ov» wide amB (rf Uie SQlfiDOt, Cl 

well as on contin^tal shelves. r. >- 


TIME-SERIES STUDIES 

Thick condn'^ous stratigraphic sections condi^ng of numerous thin beds may rs. .r'. 
dimate variability if the bedding is rhythmic or repditiote and Hw ihkknesi, or 
some other characteristic, is the respoiae to a sea.'.onal dimate signal. Sta^ica< 
analyds of tlw recurring signal may disdine variations in dimate on a seasond, im- 
nual, or evoi longer bads. Wdl-dated condnuotis seqtmioes Invite nadi aiud}^, Md 
the investigation of several n«tfby sequences may enable tl» «>rting out of Irxal or 
r^onal response from those broadW or evm global dpitfkance. 

Time-reries analysis can also em|doy data from many locdlties if d» rodts or 
sediments can be accuratdy dated and ^atigrapkically corrdated. Ancient ocmm 
tonpoatures may be deduced from oxygen isiMi^ analyses (Fl^re 3) ar«d are ^ 
type of data Bf^Hopriate to timn-s^tes jAtniy. Sue^ analyses ^iw the pres vari(Mm» 
of a dimatlc (nrametre with tinw, ami ct^nuous idratipa{ditc secttons diow more 
detailed variations, which may rdlect di^eiwes in dimatic driving forces. 

Widi Irnig quad-rhydimte setpioKies in hami, variaMity can be exacted b^ 
from complete time s^es and from ramfom rempling within a sectiot.. 
there is ordre along the time axis, so that a pattern or r^i^don h recc^fosed, 
climate cycles may be pireent. For example, tlw detraction trf nidi q^des ftren the 
Pleistocene record of deqi-s^s cores by frequency analysis has riiown that diuate 
has responded to orbital variations in the rectut geologic past (Imbrie and Imlnte, 
1980). 



FIGURE 3 CompilaHon of oxyam isotope paleotemperature data obuined by analyds of beidlik and 
[danktonk' foraminifera from Deep Sea Drilling Proj^ oorea. Bottom Lurve is drawn throu^ bottom- 
water data: uppei curve is estimate of tropical sea- surface temperatures (Dou^as and Woodruff, 1981). 
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Time-saries studies, induding both variability analysis and freqiKnc>* analysis, are 
po<siHe when continuous global climate rignab dominate or are amplified by re- 
gional ones. Because of the likdihood of continiKHis deposition, pelagic sediments 
hrom the deep sea, and evai older sequences uplifted and acposed on land, are the 
Tao^ promising candidates for time-senes shui^. Wdl-dated sections provide the 
most readily iuterpretable data, but long sections that are only approximatdy dated 
may reveal useful repetitions i nte r p ret able as having reulted from dunafee dianges. 
Although ^ pelagic record is more com{dete hrom the mid-Cr^aceous and younger 
seafloor (because the destruction of ocean crust at subdiK^on zones), andoit sec- 
tkms even as dd as Precambrian warrant study. Times iu whidi interesting dimatic 
signals have be^ observed are the early Hioc^^ ({^receding iK>rdiOTi ice caps), the 
mkklle Eocene (weak latitudinal tempmiture gradiant), ainl die late Cretaceous 
(equaUe temperature gradient and possiUy hi^ carbon dioxide con^ t in the at- 
mo^4iape). 

l^eistocene deep-sea cores dx>w that cydidtv* is commonly assodated with more 
than one dimate-assodated parameto*. Phase differaices betweai such parameters 
contain information, as yet po^vly undaslood, about cai^se-and-efiect diains in the 
ooean-atmoq[rfiere-tno^d»ae-lithQ^ sy^stan. For example, the coherences and 
offsets I .^eea oxygen isdope cydes, carbon Isotope cydes, and carbonate cydes 
have impikatiom for the se(^*faice evmts— as the iMilldup and mdting of ice, 
changes in tanpmiture, changes in carbonate sedimenfatfon, and fluctuations iirat- 
mospl^nc carbon dioxide. ' 

Fluctuations of sea levd accompany the waxii^ and waning of continaital gla- 
den. However, nondimadc factors, such as y*erticd crustal movements and the rates 
of seafloor ^reading, also cauiie eustadc sea-le.d changes. Hiese eu^tic changes 
need to be separated from those caused by dimate— in feet th^ can affect dimate. 
Sea-levd fluctuations duuige the albedo by altering the ratio betwe^i e^^x»ed land 
surface and the surface area of inland seas and lakes. Because water on average is 
a Setter absorber of li^t than is dry land, when sea levd is hl^, increased absorp- 
tiaa " . solar radiaden results. In addition there Is an inoease in the surfeoe area from 
^4iidT water can enter the aunosph^ throu^ evaporation. Henc., humidity^ rises 
and there is an increase in the greaihouse dETect, whidi w^anns the neai-s«irface 
layers of the atmosphere. Sudi Comdex feedfeidc idations as these are still incom- 
j^etdy <k)cumented or unde^ood. Are times of hi^ sea levd invariably wann^ 
and more equable than those of low sea levd? What axe the causes of sea-levd 
change? How has sea ?evd changed thrwgh gedc^ time? 

A period-by-period and region-by-region compilation of sea-levd variation for the 
continpiital didf areas of the world has be^ initiated by geologisb of the petroleum 
inci!istry employing the techniques of seismic stratigraphy (see Chapt^ 15). The key 
to success is exact stratigraphic corrdation, using wdl-dated sections. These data in 
turn need to be dovetailed with dimatic indicators. 


EVENT AND EPISODE ANALYSIS 

Notable events in Earth history, such as those associated with the termination of the 
Cretaceous Period, the fragmentation of Condwana, and wiefospread volcanism, 
have left discrete geology records that will certainly be useful in connection with 
dimatic investigation. Many e\*cnis may actually occur over longer periods and are 
more properly referred to as episodes. The analysis cf sudi dimatic transition*^ in- 
volves study of conditions prevailing before and after, as wdl as during, the event. 
Even though rapid climatic changes are deemed to be caused by single fordng fac- 
tors, the signals may be overwhelmed by background factors and from competing 
causes. Careful analysis is required to sort out the various contributing causes cf the 
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ev^t. Sea4cvd change stimulates feedback throu^ a chain of processes that need 
ducndadon. Basic questions regarcUng many important geaioffc events are wheth^ 
they wane externally (e.g., extraterrestrially) caused or forced, and how important 
internal feedback is in the sv'stem. 

Event analyses of climatic records are successful whm gaps in the record are ab- 
sent or subordinate. A sedimcntar>’ sequence whose continuit>‘ is cstaUished can be 
characterized statistically by the dis^bution of evaits within it. By studying each 
evait in detail, udng various cJimate indicators, it may be possible to distinguish 
classes of evodts (Barger et o/., 1981). 

Times of rapid chmate change need to be studied in detail on a worldwide iMsis if 
we are to understand the factors that can c»use »ich climatic transitions. At tl^ dim 
of the Cretaceous termination (about 63 Ma), for acam|de, diffoenoes in composi- 
tion of de^sea sediments (a short-lived inc^eas3 in irichum concoitration) eccom- 
panied a marked bidogic^al e\ ent; this supports the hypothesis erf a large meteoritic 
or cometary impact. Other ke\' times in geologic history that should be eiucidated by 
paleocjimatic investigations are (1) th^ Altnun-Coiomanian (about 100 Ma) traml- 
tion, (2) the Eocene-Oligpcene boundary (38 Ma), (3) the mi^Miocaie (IS Ma), (4) 
the end-of-Micxene (6 Ma), and (5) the mid-Pliocene (3 Ma). A multifaceted ap- 
proach involving biostratigraihy, magnetoslraUgra[hy, staUe tst^c^ies, trace 
moit analysis, and other methcxls is needed for esah erf these events and several 
others. 

Some epL^odes in the distant geologic past may have taken place over millions of 
years. For example, what happet^ dimatcJogically at the onset erf the Phanerozoic? 
What caused the appearance of calcarecHis shdls at aj^roximatdy diis time? Was 
there a change in seawater chemistiy^ or an increase in predation pressure and com- 
petition once the first hard didls evoK^ed? In the Precambrian, events may have 
taken tens of millions of years to rise, culminate, and peihaps to fade— possiUy com- 
parable to the long-term cooling in the Cenozoic. Condidoi^ favoraUe for the for- 
mation of some banded-iron formations have not existed for iwariy 2 billion years. 
The origin of intercalations of chert and iron ore in these banded-iron formations is 
still a subject of research. Perhaps changing dimatic and ^cxhonical conditions 
hold the due: What were the factors that made deposition of banded-iron formations 
po^ble? What environmental condition changol when their deposition ceased? 


NEW OPPORTUNITIES IN PALEOCLIMATOLOGY 

Climate is cktermined by two major dasses of factors. The first dass cor^^itules tl» 
"^static setting."* This is the arrangement of continents and ocean basins, which can 
be considered fixed on a short time scale. The second dass of factors involves what 
may be called the ^dymamic setting.** This includes cKeanic and atmospheric ciicula- 
tion, heat transfer, albedo distributions, biosphere patterns, and atmospheric con- 
centration of infrared absorbing gases. A goal of palecx:UmatoIog>^ is to interrdate 
the static and dynamic settings and determine how they' operate together. 

New opportunities arise from our present understanding of plate tectonics and 
continental drift. For times back to about 200 Ma, we know the geography of the 
static setting and can concentrate on the dynamics of the fluids within it. V e now 
have a set of concepts and methods de/doped by climatologists workin^; on Pldsto- 
cene and modern climates. These concepts and methods can be tested foi applicabil- 
ity to pre-Pleistocene climates and promise to reveal much about why long-term 
dimate changes have occurred. 

Two examples illustrate the opportunities. The first is the map of the surface of tl^ 
Earth at the time of the last maximum of gladation, 18,000 years ago, based on in- 
tegration of paleoclimaiic information from land and from the seafloor (CLIMAP 
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Project Members. 1976; Denton and Hu»^hes. 1981). Paleotemperature and albedo 
di.stributioas are p'^nted on a scale fine enoioih to be iLseful for numerical model- 
ing of the palt'oclinic.ce (Gates, 1976: Manabe and Hahn, 1977). 

The second example cx>nceras time-.series analysis in which a long climatic recH)rd, 
such as a long deep-sea core (Figure 4), is examined for rejx?titioas and cycles of a 
climatic signal (Hays ci al.. 1976; Pisias. 1976). These studies are aseful in single 
stratigraphic sec*tioas and offer an escajx^ from many of the frastratioas associated 
with time-slic<‘ mapping, where correlations over large distances may be unc'crtain. 
Such studies yield iasights about the dynamics and variability of climate .systems at 
any one site that cannot be obtaincKl from spatial reeoastructioas alone. .Analysis of 
Pleistocene climatic rec'ords inferred from dc*ep-sea sediments has established rela 
tioas between orbital parameters and glaciation by ide»^tifying astronomical cycles of 
19.000 yr, 23.000 yr, 41,0(X^ yr, and pcrhai>s lOO.CKM) yr within the geologic record. 
A .search for these cycles in older recxircb and for other cycles is now jxissible; they 
ma\ lx* present in .Mesozoic, Palc^ozoic, and jXTha|>s even Precambrian se<iuences. 
The task is to find long. C'ontinuous strata) si'cjuences recording a signal (e g., 
thickness variatioas in limestone-shale couplets) that jx^rmits fre<|uency analysis. 
Even where the time scale is not known accurately , the ratios of different cycles or 
repetitioas may eventually lead to the establishment of such time scales, and the 
identification of cycles will aid in long-flistance correlation. 

Existenc'e of lx)th longer and shorter cycles than those orbital cycles so far iden- 
tific*d is likely . The analysis of long-|)eriod variatioas in annual layers, if they can be 
recognizc*d. through gcH)logic time may yield information on the variatioas of solar 
radiation inciden* on the P'.arth. Unfortunately , there is no .simple criterion by w hich 
to prove that layering is truly annual. Long-cycle lengths of approximately 25().000 
and 450. (XX) years have been proposed, as well as fre(|uencics or 4-5 m.y.. 30 m.y.. 
and 2(X) m.y. (.see Fi.scher. Chapter 9). Usually .such suggestions rest on records that 
are only two to five timx.s longer than the projx)st‘d "cycle.** .so that they cannot yet 
be establishwi ({uantitatively. 


THE SYSTEMS APPROACH 

Because climate is the result of the air and fxran circulation :uid their interac-tions 
within a geologic Mating, a dynamic fluid system is defiiud. a system that may lend 
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itself to systems analysis. Sediments deposited b\ these fluids record a composite of 
global signals and regional or local overprint . It would be us^ul to attempt to 
separate the global message from the regional modulatioas and to investigate the sen* 
sitivity of the system. Global effects may be rapid with quick response times or with 
phase shifts between different components. Regional influences may amplify or 
dampen or even reverse global signals. Climate extremes and rapid transitions from 
one state to another are probably associated with times when factors influoicing 
global climate are maximized. 

Studies that focus on times of Instability and rapid climate transition within an 
overall stable re d may reveal why ev^olution is apparently punctuated by mass ex* 
Unctions and relatively rapid speciation, such as^ those marking tl% end of the 
Paleozoic and Mesozoic eras. To what extent w^ere climatic extremes due to varia* 
tions w ithin the s\stem or to factors external to the sv^em. such as those of extrater* 
restrial origin? Important questions about extraterre^rial factors are the following: 
How stable has the solar constant been? Has the Suns output varied in an osdllatory’ 
manner? What influence might large impacts on tl^ Earth (similar to those that pro- 
duced large craters on the Moon) have had on climate evoluUon? Have there been 
times when havoc has been raised in the Earths surface environmrat by huge 
meteorites falling from the sk\\ as has been suggested for the end of the Cretaceous 
by Alvarez et aL (19801? 

Factors that are not related to the fluid system but are rdated to the dynamics and 
mobile Earth include tectonic forces and volcanic activity'. Continents have moved 
about and oceans have opened and widene and dosed through g^logic time. 
Mountain ranges rose in many orientations that influenced the air circulation and 
then were worn away. These marked changes in size and shape and posiUoning of 
landmasses, oceans, and mountains have dramaUcally influenced dimates. C^;ean 
gatew ays between landmasses have opened and dosed and have altered the flow' of 
ocean currents and modified the mechanisms of heat transport from low' to high 
latitudes. Ancient ice ages during the Phanerozoic (see Figure 2) may be largdy the 
consequence of times w'hen continents were sited in hi^ latitudes so that air-oo^n 
flow brought heavy* and long-lasting snowfall, wdth the result that ice caps grew 
upon them. The location of landmasses, the levd of the sea, and the presence of 
ocean gateways in crucial positions are several of the boundary conditions that are 
responsible for the sensitivity* of the fluid sy'stem to perturbation. 

Geochemical aspects are also intimately tied to climate, mainly through the car- 
bon dioxide content of the atmosphere; increases in carbon dioxide raise the surface 
temperature. On a long time scale, the average atmospheric carbon dioxide content 
may be fixed by weathering reactions and carbon storage in soil, rocks, and sea- 
water. However, on a shorter time scale, the atmospheric reservoir is dominated by 
the much larger adjoining reser\oirs of the ocean, thv biosphere-soil complex, and 
the reactive portion of marine organic and calcareous sedimenlj. As the exchange 
patterns between these reser\*oirs change, so must the carbon dioxide content of the 
atmosphere. Rapid increase or decrease of carbon dioxide content that results from 
temporary buildup or release of carbonate or organic matter may cause, or be associ- 
ated with, “climate steps" from one climatic state to another (Berger et al., 1981; 
Revelle. 1981). The existence of steps suggests the existence of inherent instability’ 
w ithin the system; this may be tested by a comparison of climatic variability at times 
long before the event, approaching the event, and after the event. 


FINDINGS AND RECOMMENDATIONS 

Interpretation of the history of climates on Earth back in geologic time for more than 
a billion years indicates that the same principles of oceanic and ' mospheric rircula- 
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tion have always operated. Over this long interval, however, the composition of the 
atmosphere and oceans has change in ways not yet fully (fetermii^. Climatic ex- 
tremes that we are experiencing at present, and that have occurred for the past 
million years or so, are probably ^milar to rlimadc extremes iMidc into the very^ 
rem<^ past. Only at rare intervals do the many varUddes influencing climate so 
combine that they perturb the system beyond a quasi-steady state, bringing about a 
transition to a new temperature regime, Init one actually not v&y different from the 
previous one. 

The record of climate and its changes during the last 50 million years rev'eals a 
gradual coding interrupted by a few pertul^tions. Fairly ra|dd transitions or steps 
renting in a cooler mean mrface temperature of a few degrees Cddus have been 
followed by partial recoveries. Superimposed rh^'thms on these fluctuations, detect- 
able in the Pldstocene record but so far not discov^ed in older rodcs, are brou^t 
about by systematic changes In the Earth s axis and orbit. 

Undei^nding of climate and climatic diange, with the eventual goal of arriving 
at a satisfactory theory of climate, requires an improved data base and more intense 
efforts in analysis and interpretation. Many disciplines are involved. Toward these 
ends, we recommend tl^ following: 

1. Ceo/ogists, during their invest^atifm of rocfcs, should amfinue to strive to 
glean information baring on past climates. Ecoimmic geologists, for example, 
recognize that certain types of mineral c^xmts were forti^ under speddl climatic 
conditions. Through an understanding of weathering ami oflier dimate-controlled 
processes they may be able to extract dimatic information. Even tl^ mask ancient 
sedimentary rocks may reveal some information on dimates. 

2. Marine geologists and geochemists have a new tool in hand— the hydraulic 
piston corer — and should obtain many more long sediment cores from the seafloor. 
Valuable paleoclimatic data, highly resolved with respect to time, can come from 
well-placed cores, especially from localities where global dimatic signals are not 
masked by local sediment influxes. We urge the continuation of programs using 
hydraulic piston cores in any ocean-drilling effort. 

3. Paleogeographers, working closely with paleontologists, tectonicists. and 
stratigraphers, should prepare palmgeographic maps of the Earth for all practical 
time intervals of Earth history. These intervals can be short for time dices in the Ter- 
tiary and by necessity must be longer for intervak succesdvdy more remote. Such 
maps will serve as a basis for assembling dimatic data and as guides for computer 
modeling. 

4. Meteorologists and climatologists, working at many different scales, should at- 
tempt to arrive at explanatioas for ancient climates. Although satisfactory computer 
models do not yet exist to explain all aspects of modem climates, such studies for an- 
cient synoptic intervals can nevertheless serve as guides to «q>lain climatic events. 
Therefore, models of several types should be applied to the paleogeographic recon- 
structions of selected times of climatic significance in the geologic past. 

5. investigators of sea-level changes should be encouraged to complete as accur- 
ately as possible a worldwide eustatic sea-level curve for the geologic past Such a 
curve will aid greatly in correlation from place to place, when the record of advances 
and retreats of the sea is identified. If other factors remain unchanged, increased 
flooding should correlate with increased global temperatures because of albedo 
reduction and increased evaporation. These inferences can be checked indepen- 
dently against the geologic record. 

6. Long stratal sequences displaying variations should be analyzed using the time- 
series approach. These sequences may come from long deep-sea cores or from sec- 
tions exposed on land. Their study may reveal repetitions and cycles in bidding 
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features, such as thidcness or composition, that are rdated to climate. Among these 
are orbital and axial phases that influence the amount cf radiative energy recdved 
from the Sun. With some luck, even andent Precambrian sedimentary rocks may 
disclose sudi information. 
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INTRODUCTION 

In the early, descriptive phase of any historical science, such as 
paleodimatology, the primary' task is to provide a narrative 
of past e\ ents. As facts accumulate, investigation enters an in* 
terpretive phase in which attempts are made to explain why 
these events occurred. Initially, these explanations are likely 
to be od hoc in nature, verbal in form, and therefore difficult 
to pin down and test. Gradually, as data accumulate and as 
physical insights into causal mechanisms improve, it may be 
possible to transform such qualitative explanations into a nu- 
merical model of the natural system in which specific re- 
sponses (system output) can be estimated from a knowledge of 
spedfic fordng functions (system input). The model can then 
be used to make fundcasts, i.c., to make predictions of system 
behavior over some past interval of time for which the forcing 
functions are known. The prindpal value of such a model is 
that the concepts on which the model is based can be tested 
by comparing hindcasts with cbserv^Hnns. Tiie test is par- 
ticularly powerful if comparisons are made over an interval 
of time that was not used to develop the model. 

In some cases it is possible to ase a quantitative model to 
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make forecasts, i.e., to make predictions d system behavior 
over some future interval of time. In order to use a model in 
this forecast mode, one must dther be Me to predict what 
values the fcrdng function will assume in the future or be in- 
vestigating a system in which the behavior at any given time 
is strongly conditioned ly previous values of a fordng func- 
tion. 

For many years, the sdence of paleodimatology has been 
in a descriptive phase. But as other chapters in this volume 
make clear, the fidd has already begun to move into an inter- 
pretive phase. So far, however, most interpretations are 
formulated as verbal narratives rather than as quantitative 
predictions. The aim of this chapter is to point out the value 
of building paleoclimatic models that are capable of making 
quantitative predictions and to foster the devdopment of 
such models by reviewing some of the ty pes of quantitative, 
predictive models that have been used in dimatology. 

The first section of this chapter is a brief review of the 
nature of the climate system. The second section conaders 
some general properties of quantitative, determiruMIc mod- 
ds. In the last section, six examples of quantitative climatic 
predictions are dted. 


Preceding page blank 



22 


JOHN IMBRIE 


FIGURE 1.1 A simpb model of the dinuite 
system illustratii^ intu-nal and external xxiroes 
of dimatic variadon. 



INPUT CUMATE SYSTEM 

cMaaaet la cxTcaaaL 
•ouNoaar eoNOinoNt 


OUTPUT 
ctiaaric vaaiarioa 


THE CLIMATE SYSTEM 

In orda* to fo/mulate a predictive dimate modd it is 
necessary to have in mind some dear dehnltion (A the climate 
system. A conventional and useful definition (Figure 1.1) 
condders the dimate ^^stem to coi^ of four int^acting 
compon«)ts: die aUnoqdiere, the ocean, the cryos^iere, and 
the surface of the land, inducting the terrestrial biota (NRC 
Pand on Climatic Variation, U.S. Committee for CARP, 
1975). For dmplidty, the last of these components is not 
shown in Figure 1.1, and the other components are mit sub- 
divided. The system boundary conditions are defined as the 
^obal geography, the geometry of the Earth’s orbit, the out- 
put of the Sun, and the concentrations of carbon dioxide and 
dust in the atmosphere. Two of these variables— orbital ge- 
ometry ami solar output— are dearly external to the dimate 
system by any definition, because the values they assume are 
not influenced by the climatic ^ate. However, some aspects 
of global geography— notably sea levd and the devation of 
the crust in high latitudes— are not completely independent 
of dimate, so that the listing of geography as an external 
boundary condition makes sense only if the term is defined as 
the location of condn^ts and oceans. Finally, we should note 
that the atmospheric concentrations of carbon dioxide and 
dust depend to some extent on the climatic state and are 
therefore not, strictly speaking, external variables. They are 
often placed in that category for the convenience of modelers, 
however. 

Based on the ddinidons discussed above and illustrated in 
Figure 1.1, two quite different sources of climadc variadon 
can be recognized (Mitchdl, 1976). One of these sources is a 
change in ext^nal boundary condidons. Any such change 
will force the system as a whole to move toward a new equili- 
brium state and will ther^ore give rise to variadons in the 
cryosphere, ocean, and atmosphere. This kind of climadc 
variadon is described as being externally forced. Another 
type of climadc variadon originates within the climadc sys- 
tem itsdf owing to interacdons among the components of the 
system. These variadons are internally forced and will occur 
even if all the external boundary condidons are fixed. 


PROPERTIES OF DETERMINISTIC 
CLIMATE MODELS 

From the above commits about the structure of the dimate 
sy^^, it is dear that the tadc of making quandtadve predic- 
tive modds is a diall^i^i^ one (see Sdmdder and Diddmon, 
1974, and Ldtii, 1978, for useful reviews). In geno^al, there 
are two types of predicdve modds, determinMc ami 
s to ch asti c (Mitchell, 1976). Deteminisdc modds vkw chai^ 
in one or more oompon^ts (or subcomponoits) of die di- 
ntate syrtem as forced by (1) diai^ in otiio' ccunpon^ or 
(2) c hang es in external boundary comiUtions. Moreov^, sudi 
modds assume diat die actual dimadc narrative— die dme- 
dependent behavior of the systm component bdng modded— 
can be predicted from a knowledge of changes in other internal 
ccHnponents or from a knowledge of dianges in external bound- 
ary conditions. Stodiasdc modds, on die other hand, assume 
that random variadons of internal origin make it impostible to 
predict die time-dep^ident behavior of die systmn. Instead, 
they make statistical predictions conc^ning the amount of 
variability to be expected over paiticular frequency l^uids 
(Haasdmann, 1976; Frankignoul and Hassdmann, 1977). 

This chapter will discuss only deterministic modds. Bdore 
proceeding, we examine some general d^n^ts of modding 
strategy (Table 1.1). For example, in certain deterministic 
models the forcing function is Idradfied as a change in one or 
more external boundary condidons (e.g , a change in global 
geography or orbital geometry). In other models, however, a 
change in one component the climate system (e.g., at- 
mospheric temperature) is viewed as a response to a change in 
anod^ component (e.g., the sea-surface temperature or the 
extent of ice sheets), without taking feedback rdationships 


TABLE 1 . 1 Some Properties of Deterministic Climate 
Models 


Category 

Possible Modding Strategies 

Nature of forcing 

External or quasi-extemal 

Type of response 

Equilibrium or time-dependent 

Prediction mode 

Hindcast or forecart 

Mathematical form 

A wide range from rtmple, hi^y 
parameterized modds to complex 
statistical-dynamical nKxlds 
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betwem die prescribed variable (the predictor) and the cal- 
culated response (the predlctand) Into account. This type of 
forcing will be r^med to as qmd-extemal forcing. 

Anodar di^aifictlon to be macfe between modding strat^es 
has to do with the type of re^nse. In many cases the reeijpome 
calculated Is an eqtdldfrium response to some !^)eclfied chai^ 
In an exte\nal or quasi-eicternal foidng function. In this type 
of model, attention is focused on the new equilibrium vidue 
rather tl: .ii m? the time-dqiendent nature of the change to the 
new ecpp' Sriiim. Such a fbrmui.ition Is reasonable provided 
that tht uaractetistic time scale of changes in the forcing 
function is much longer than the characteristic time scale of 
the ’•tisponse. Howe\ er, when these two dme scales are of the 
sair^t* urd r of mi^griitude, so that the response never has a 
diance to approach equilibrium values, it is desirable to use a 
Hme-dependent modd in whldi the re^iae is expliddy 
calculated as a function of time. Siadi dme-dqieiKient modds 
are sometimes refdted to as differential fnodeh (Imbhe and 
Imhrie, 1^). 

As previously discussed, predictions can be made in dther 
die hindcost or foreca^ mode, depending on whetho- the 
changes modded have actually occurred. 

Finally, we dimild note that a wide yariet>’ of matheuiatical 
procedures are used in dimatc modding. For many purposes 
it is Ireful to consider this variet>^ as ranging across a wide 
range of oom^dexity, h^om simple models at one end 

of the scale to complex, statistical-dyiiamical modds at the 
other. The ^mpie^ modds make litde demands on our knowl- 
edge of the und^lying jdiydcs. The investigator is cont^t to 
assume that the response being mockled is linearly rdated to 
one or more input variables, and his modding strategy is to use 
regresaon methods to extract the constants of proportionalit>' 
from a ^ven set of data. As knowledge of the underlying 


medianisms becomes more secure, the investigator may at- 
tmnpt to capture certain dements ctf the |^yd(»l processes in a 
snail number of di^dential equations, living ^ Manoe to 
be treated as statistical parameterizations. Sudi modds of In- 
termediate complexity predict the behavior ol only a «ndl 
number of dimatic variables. At the oAneir end the range (rf 
complexity, more of the underlying {rfiyslcs is eaq^idtiy cap- 
tured in diffnential equations, and few^ p rocesse s are treat^ 
statistically. Exam^des Indude the genera!-drculati<m modds 
d the atmoq^i^ere, whldi take a ^obal array seasonal itq;nit 
parameters and calculate the seasonal re^xnue in tiiiee 
dimensions (Gates, Chapter 2 in this volume, 1976a, 197%: 
Manabe and Hahn, 1977). 


EXAMPLES 

Examines to illustrate some of tiie modeling strat^es already 
in use are ^ven In TaMe 1.2. Donn and Shaw (1977) predict 
the atmo^heric temperature fidd as a refuse to dum^ng 
glolMd geogra^y since the Triassic (Figure 1.2). Iml^ and 
Imbrie (1^) hindcast late IHeistooene ^adal hi^ry aid 
forecast the ^lasal history of the next 100,000 years. Hidr 
modd is diown In Figures 1.3 and 1.4. Gates (1^6a, 1976b) 
and Manabe and Hahn (1977) have used estimates of ice-sheet 
distdhution and sea-surface tempaatuies at the last gfadal 
maximum, 18,000 years ago, as a basis for calculating the 
equilibrium response of tlie global atmo^here. Namias (1980) 
uses information on Pacific sea-mrface temp^ature, and 
other information, to forecast weather patterns over the 
United States one season in advance. Barnett (1981) uses infor- 
mation on the Padfic wind fidd to hindcast sea-surface 
tmpa-ature oH P^u, 12 months In advance (Figure 1.5). 


TABLE 1.2 Examples of Climate Prediction Using Quantitative, Deterministic Modds 


Type of 
Forcing 

Predictor 
(Characteristic 
Time Scale 
in Years") 

Predictand 
(Characteristic 
Time Scale 
in Years") 

Reference 

Prediction 

Mode 

Type of Model 

Eternal 

Global 

geography 

(10’) 

Atmospheric 
temperature 
field no-*) 

Donn and 
Shaw (1977) 

Hindcast 

Complex equilibrium 


Orbital 

geometry 

(10<) 

Global ice 
volume (10^) 

Imbrie and 
Imbrie (1980) 

Hindcast, 

forecast 

Simple tinte-dependent 

Quasi-extemal 

Global SST 
Held 

Ice sheets 
(10') 

Global atmospheric 
fields of T, SST, 
winds (10" *) 

Cates (1976b): 
Manabe and 
Hahn (1977) 
CLIMAP Project 
Members (1976; 
in press) 

Hindcast 

Complex equilibrium 

Quasi-external 

Padfic SST 
(10-') 

U.S. weather 
(10-') 

Namias (1980) 

Forecast 

Simple time-dependent 


Padfic wind 
fidd (10-') 

SST off Peru 
(10-') 

Barnett (1981) 

Hindcast 

Simple time-dependent 


*T, temperature; SST, sea-surface temperature. 
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FIGURE 1.4 HtmirMlji «tid kttectu^ <rf global koe volume derived 
bom the n tp otm raodel Aown to F%yre 1.3. A« laput lo te medd. 
l^cigvc rBpr e Mnlf diMgwtetiie lii O Qiiilng i»di^ioadigiBgJtiy«t 
N. B, Itodd 0 ^ 1 ^. C, Oxygen teHope (ot deep mm cote 
RCll-120 Ron iBn too&em I»lto Ooe^ D, Oxygn Imfeope osve 
<OT de e p - xen core V28»^ from the PedBc Ocean, Curvei C and D ere 
taken m ertlmatei of dumg ei in die global volume of land ioe (Imbrie 
and Imbrie, 1960, oopyridd 1660 by the Amoican Aa m drtion lor the 
AtK^noemeid cd Sdran). 


FIGURE 1.2 Change in mean temperature for the nortfam 
hemisphere (upper curve) and 60*70** N ladtiaBnal «me (mklcBe 
curves) computed lor the past 200 m.y. Lower point lor pnsmt on 
hefnfa{di«lc curve is based on actual unaverai^ grid-point data. 
Other curves are baaed on aona) means for laud and water, re spec- 
tivdy. Lou er ciuve shows peroeidage <d land in 60-70^ N UdRudinal 
aone (from Doim and ^w, 1677, with permission of the Geological 
Society of America). 
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FIGURE 1.3 Reqxmiecharactertfdcsofadm{demoddlorpredict- 
ing global ioe volume as a function of changes in orbital geometry. The 
re y o n ae function hat a mean time omittant of 17,000 yean and a ratio 
of 4:1 between the dme comtants of glacial grovlh and mdting. 
Lower curve diows die system response to an arUtrary step Input (Im- 
brie and Imbrie, 1660, oopyri^ 1660 by the AmeHcan Aasodathm 
lor the Advancement of Sdme). 



1976 1977 1978 1979 

FIGURE 1.5 Obaoved and predicted values of sea*flurfaoe tempera- 
ture off (Barnett, 1661). The modd uses variitioni in the Pacific 
wind Odd as input and is calibrated for the period 1650-1675. Thus 
Barnett o o n d d e n the pretBctions as for ec ai ti, v/hereat in tids ch^ilcr 
they are defined u hindcailB. Ui^ubtidied work by T. P. Barnett, 
Scf ip ps Institution oi Ocaanograpiiy, diows dm! da predictioni are 
oonddRraldy improved if die Mtmption of stationarity of die natfonal 
dgnalf is remov^. 
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CONCLUSIONS 

Hie mmiiles of dima^ hiitioi^ng and forecai^tti re- 
vieued In this pap^ are cilad not hs^me dicy solve hin- 
daitmtal proUems In pakodlmatdo^, Init bocnme Il- 
lustrate a powerful im^tod of attack oti d)09C die 

(ormuhition and teeing nun^td, j^e^cdve n^dds. So 
tong as oar a^anatlons for dlmates remain essentially 
^udltadve In forni, oiusal diam^ will be dIffIctJt to 
evaluate. Ft will, for ejtam^« be dlffiodt to distinguidi causal 
rdatlondilps iroiu ^ ‘ corrda^ms and periiaps Impossible 
to asses rdadve importam^ ctf that md 

together to produce a ^ed. These prol^m are par- 
ticularly acute In pre-nel^io^ dlmattrit^. Here It is often 
tm|Hlng to ejcplain a ^ven dimadc diange in terms rd a cor- 
related diange in some {mr^ndar a^iect cd die geometr)' of 
continents and oceans — Igm^rlng other a^^ects <d that geom- 
etiy and imfdlcldy drying the p<»5ihlltt> that dianges in at- 
mos|Aierlc dieniittr>% In sdar output, or In otl^r dimatic 
boundar>* conditions may be Invohed. 

In the rapidly devdo|dng ami dudl^glng ftdd of paleodi- 
matolog\\ there is dearly an urgent need to test our ideas 
about the uml^hing {diysicai medianimis by devdc^ng 
quantitative, prechcti\'e nKX^. As ^h oKidds are sufadi- 
tuted for the evasive verbal narratives that now* s^e as 0[{da- 
nations past dimates, the sci^ioe cd pi^odimalology will 
come of age« 
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IKiRODUCTION 

While prol^efiis<rfpfthodifiiate have kn^hdd attention erf 

geo!o^sts, Irfok^ists, and dima^ogists, they have only 
rjoentiy been regarded as a sul^ect to whidi mathematical 
modding could be apf^tod suoc^uUy. From jMdnstakin^y 
asKmUed evidm^e of dinuitic changes in the geol(^ past at 
scattered lo^tions anmi^ the worid, the verfume of paleodi- 
matk data has caused a v^taUe flood during recent years as 
new tediidquesof dadi^ and new scHiroes erf information have 
been devdqped. Ihe unifying key to dils evidence of dobal 
pre-I^dstocene dimates is the theory <rf plate tectonics, 
thrcHi^ whidi die rdative ^obal gecmietry erf die continents 
and oceans may be at least tentadvdy reconstructed. These re- 
ccmstructions provide the large<«!ak bcnindary conditions for 
dimate, whereas die accompanying Irfcrfogical and geophyd- 
cal data provide verifying evidence for climatic change; what 
is misdng is the recoi^ocdcm <rf the iMikxx^imate itsdf, so that 
the ^oM distribution ami everfudon of the dImate over geo* 
logte dme may be seen in paralld to the large-sc^'!^ changes erf 
the Earth's surfmse and the evoludon of die Earth's flork «nd 
fauna. This r e c onstr uction ^ the Eartirsdimadc history is one 


of die great unserfved p i dd ems erf gec^rfiydcs and penes a par* 
dcuiariy exddng diai^ife to die dinmie nmdder. 

In midtdofi to Its uirffyii^ fde in pakodimadc lesemi^, die 
modelif^ erf the structure and ei^utkm erf dimato over geo- 
logic dme laesent s a uidipie e^;qportuidty to lest d^e pnfor- 
mance erf dlmate moddi under die wided pensilrfe var^y erf 
boundary condidons. The comparison of modded paleodi- 
mates with the paleodimadc eWdence is a valuable supf^ 
merd to die modds' caliln^adon, whkdi wiHild c^i^wise be 
confined to modon dimales, and diafdiy increases oonftlsioe 
in dr riKidds' use in thee^madon erf poadl^ futm« dimales. 
The syitomadc evaluadon of modd-dmulated paleoe^hnales 
may idso be expect to serve as a ^de in the U^iteedon of 
the accurm;y needed in {wkodimatk data and in die an»nUy 
and aimlyds erf new data in re^mi erf p^t^dar dimadc sig- 
nifkaner. In i^w erf die imc^tairdy that surrounds the ^krfnd 
distribudon erf many erf the pre-P^stocene boundary condi- 
dons reqtrfred by dlmale modds, disagr ee m cirt bdweoi die 
modded and "edn^ed" pakodimate may be at bast partly 
ehie to this soinoe; esi^mimaitadon with altem^ but fdatui- 
bk distributions of mmintains and diallow seas, for extm;de, 
may nuprove the accuracy <rf both dr simulated dlmate and 


PaleodimaHc ModeUng 


27 


the geolo^ reconsmicdon. Once a best Bt is obtained for a 
particular ^edogic q>och, fiuther expmnientation may 
mit oi hypotheses of pabodimadc change and 

thereby provide the elemenH of a consistent physical syndiesis 
of pr^Bei^nxme climates. 

The purpose of this diapter Is to revievv^ and evaluate dimate 
modeling as a tool Im pakodlmatic research. To this I 
shall first present an overview of the tedmiques and present 
status of dimate modeling, followed by a brief review 6[ past 
a[^dlcatk>ns ci dimate modds to paleodunatology. With diis 
Imckgrouixi, I diall than consider the devdopment of a re> 
seaxdi strategy for modding pre-Pidstoceoediratesin particN 
ular. More comf^diaisive reviews of dimate moddii^ have 
been given by Schndda’ and Dickinson (1974) and Saltzmaa 
(1978), and current roodd performance has been reviewed 
the World Meteorol^cal Organization (197S>. 


THE CLIMATE SYSTEM AND 
CLIMATE MODELING 

Underiying much of the resurgence intf^est in the proMem 
of dimate that has occurred in the past decade or so is the in- 
creasii^y dear denioi^tration that uumerical modds are ca- 
paMe of simulating many important a^iects of the global di- 
mate widi considerable ^curacy. This has prompted the use of 
sudi models to study the dimatic impacts of a variety of fac- 
tors, such as increased Ct )2 concentration in the atnK>^phare 
and diang^ in the character of the Earth s surface. Even 
thou^ dimate modds have not yet been aj^lied extensivdy to 
the prediction of the Ume-d^)endent evolution of future di- 
mate in terms of ^lecific seasons or spedfic years, experimenta- 
tion with dimate models has prodded new insi^l into the 
many factors that can inflt^nce dimate and its changes. 


The Physical Bads of Climate 

The Earth's dimate is Tie result of the interaction ammig a 
wide varlet>' of physical processes, many which are tandliar 
as the ii^redients (k daily weather . On die longer time scales of 
dimate, howevo^, it is not only the atmos|^iare that is involved 
but also the behavior of the world's oceans and ice masaerand 
the nature of the land surface and the associated biomass. 
These dements are usually identified as oompooencs the d t - 
mate system^ which thus formally tndudes die atmoqphm, 
hydros[^iere, cryosphere, surface Utho^[>bere, and global 
mass (^C Pand on Climatic Variatkm, U.S. Committee for 
CARP, 1975^. These oomponents of die ctMnplete dimate sys- 
tem are shown schematkaily in Figure 2. 1 , togcdier with some 
of die ivindpal mteracttons amoo^ them. 

The atmo^ifhere is course the most prominent and famil- 
iar cmnponent dP the dimate system and is central to die com- 
mon perceptKHi of dimate its^. In acMitkm to the average of 
statistical distribution of tl^ wind, {»es5uie, temperature, and 
humidity, the atmoqiheric dimate icdudes die distribution d 
doudiness and precipitation, the distribution of shcatwax-e 
and long-wave radiation, and the atomspherlc cmnposttion 
and aerosol concentration. On the gldial scak the distribution 
of many of these atmcq^ieric propmtes is ck»dy rdated to the 
surfrce properties of the oceon, induding the ocean's configu- 
ration rdative to the continents. The oceanic dimate itsdf in- 
dudes the statistical distribution of ocean temperature, salin- 
ity, and current, together with the distribution dissolved 
gases and suqiended matter. Of particular importance to the 
atmoqi^im is the distribution of die sea-surface tanperature, 
whidi largdy contrds the vertical flux of heat and moisture 
through die atmo^heric boundar>* layer. 

In addition to the properties of the atmosphere and ocean, 
the global distribution of ice and snow is an important compo- 



FIGURE 2.^ Schematic representation of 
the dimate system and the prindpai interac- 
tions between its components (from NRC 
Panel on Qimatic Variation, ^^S. Commit- 
tee for CARP, 1975). 
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FIGURE ^..2 The cfaarMAeristic time scales 
over which possible internal and external 
causes of cUmatk change take p la ce (from 
NRC Panel on Qimatic Variation^ U.S. 
Committee for CARP, 1975). 



nent of the dimate system. The dimate of the worlds ice 
masses inducks the stati^cs of their areal extent and thickness, 
and their temperature and motion, w'hether for the continen- 
tal ice sheets, mountain ^acim, sea or lake ice, or surface 
snow cover. These latter dements respond rdativdy rapidly to 
atmospheric and cKeanic conditions, while the former and 
more masrive dements diange mudi more dowly. In this re- 
spect the climate of the cny osphere is like that of the land sur- 
face and associated biomass^ both of which contain dements of 
widd> differing response times to the prevailing atmosphenc 
(and oceanic) conditions. The dimate of the Earth s land sur- 
face and biomass in turn includes the statistics of the tempera- 
ture and water content of the surface soil, the surface s albedo 
or reflective characteristics for solar radiation, and the surface 
vegetation or land use, all of which have important effects on 
surface evapotranspiration and surface heat and moisture 
fluxes. 

Taken together, these climatic statistics or characteristics 
constitute the toial climate system, which also formally in- 
cludes the variability (and higher-order statistics) of the 
various climatic elements in addition to the distribution of the 
means. Defined in this way the climate of the Earth has not yet 
been completely determined, for large portions of the global 
atmosphere and ocean remain unobserved on a s\'stematic 
basis, and the analysis necessary’ for an adequate description of 
even the atmospheres variability’ has not yet been completed. 
The determination of climate is further complicated by the 
fact that the statistics (or climaic) of the complete climatic sys- 
tem can in principle change in response to a wide variety of in- 
fluences originating outside the system, as well as in response to 


influences from within the sy’rtem itself. As illustrated in Fig- 
ure 2.1, a distinction is ther^ore made between internal and 
external causes of climate change, with the latter presumably 
being independent of the dimate of the (internal) s\stem. 

In view of many processes that ser\'e to relate one portion of 
the climate sy stem to another, and the disparate response times 
of the systwn s atmospheric, oceanic, cr\osph«ic, land air- 
face, and biomass components to tnese internal processes as 
well as to external ones, the history’ of the Earth's dimate can 
be expected to show variations over a wide range of time scales. 
As illustrated in Figure 2.2, these variations extend from the 
age of the atmosphere itsdf to the shortest-term dimatic varia- 
tion (about 1 month) that can be identified Even if the exter- 
nal factors causing climate change were concentrated in wdl- 
defined frequences, the high degree of coupling or interaction 
among inte: nal processes in the climate sy stem would oe suffi- 
cient to create a virtually continuous spectrum of climatic vari- 
ation. It is precisely these nonlinear feedback processes, the 
most prominent of which are illustrated in Figures 2. 1 and 2.2, 
that make the analysis of climate and climate change a difficult 
if not impossible task vithout the assistance of models. (As we 
shall see, however, even with models there remain significant 
uncertainties, although the process is now at least a svstematic 
one.) 

Although a truly compreheasive climate model would in- 
clude the interactions among all components of the climate sys- 
tem, usually only a portion of the complete sy stem is modeled 
at any one time, with the remaining components hdd fixed (or 
ignored). This tactic is due both to our limited observational 
understanding of many of the interactions involving the nonat- 
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nm^)heric portioas of the s\*^efn and to the difficttlty of coping 
with the vastly different time scales over which different por- 
tions of tlie climate s>iAeni respond tsee Fi}{ure 2.2). 

The fast^-respondin}{ component of the climate s>*!^em is of 
ctHirse the atmosphere* whidi effectively adjasts to lanv exter- 
nal conditions on time scales of the order of months. This rela- 
tively rapid respome Is determined by the characterise 
{powth rate of synoptic-scale barodinic disturbances (the fa- 
mu.ur traiment hlfshs ami low's of mid-latitudes) and their as- 
sociated transports of heat and momentum and by the more 
rapid adjt^ments that occur through smaller-scale convective 
and turbulent processes. The re^x>nse of the ocean occurs over 
time scales ranging from the order of iiionths hi the surface 
w aters in response to atmo^cric changies to the order of cen- 
turies In the case of the deeper ocean. These time scale? are de- 
termined by the vertical mixing of the upper ocean b>- wind 
and convection and by the rdativdy high thermal and me- 
dianical inertia of the hulk of tl^ oceanic w ater mass. £xc^ 
for the 5>'noptic-scHie and seasonal variation of sea ice and sur- 
face snow cover as a result of surface oceanic and atmos^ienc 
h^t fluxes, the response to the erv'o^^re may he e\'en slow er 
dian that of the oceans: mountain Raders hpically respond to 
dianges in atmo^heric conditioiis and mow' accumulation 
over time scales of centuries, w'hile the more massive continra- 
tal ice sheets respond over thousaiKis of years. These time .scales 
are determined by the rdativdy hi^ viscositx', latent heat, 
and albedo of the ice and by the large volumes of ice involved. 
Finally, the response of the land surface and assodated bio- 
mass occurs on time scales from months in the case of s^sonal 
vegctati\ e co\ er to centuries and h^ ond in the case of changes 
in surface-soil properties by erosion and desertification. These 
and other aspects of the [^ysical basis of dimate and climate 
modeling are reviewed in more detail elsew here (World Mete- 
orolo^cai Organization, 1975). 

Faced w ith this complexits' of space and time scales, it has 
b^n found conveni' nt to introduce a scientific definition of 
climate. We may define climate, or more precisely a climatic 
state, as the statistics of oi^ or more components of the climatic 
s\’«tem over a specified domain and specified time inters al. in- 
cluding the mean, variance, and other moments (NRC Panel 
on Climatic Variation, U.S. Committee for CARP, 1975). We 
may iherdore speak, for example, of the atmospheric climate 
of Washington or of North America during July or of the cli- 
mate of the global atmosphere-ocean s> stem over a year, dec- 
ade, or centurs*. This definition recognizes that the climate var- 
ies significantly in both space and time and avoids the sometimes 
troublesome questloas of homogeneity and statistical equilib- 
rium. Climatic change may then be defined as the difference 
between climatic states of the same kind, and we may speak, 
for example, of the inter^nnual climatic change between two 
Januaries or of the climatic change between two decades. 
When practical applications of climate are coasidered, these 
definitioas are often further restricted to apply to only the at- 
mosphere near the surface and to the more readily obser\ed 
variahk*s, as in the traditional classificatioas of climate in 
terms of the average seasonal regimes of .surface-air tempera- 
ture and precipitation. There are therefore many t\ pes of cli- 
mate and climatic change, the most imp(»rtant aspect of which 


is the Identiflcfition of the space and time scales involved for 
that portion of the climate svistem being considered. 

TPte Formuiation ami Structure of Climate Models 

For the present purposes, climate models may be considered to 
he ph>'sirai-mathetnatical reiiresentations of the structure and 
variation of the large-scale dimate. Most of these focus on the 
atmo^iherc, although there are some that coiteider a^iects of 
the coupled atmo^>here-cx»in-ice s>'ston. For the most part, 
the continental ice sheets, whidi {day such a large part in the 
geologic htstor>* of the Earth’s surface, have not been fully in- 
corporated into the interactive dimate ^“stem nor have the 
longer-term changes of the land surface acKl biomass been aiJe- 
quatdy mocfeled. 

The dymamical basis of dimate models rests on the fumia- 
mental equations that pre»mialdy govern the sv^stem s motion, 
mass, and energv', together with whatever additional {div'sic^ 
information is necessars* to desmhe the systwn and its bound- 
arc' Gonditiom. For the atnios{dim, these rdatiom may be 
written in the form of the equatk *is describing the conserva- 
tion of horizontal moimntum, the consercation of h^t, and 
the conservation d mass: 
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w here a is the radius of an assumed spherical Earth with lati- 
tude longitude X, and rotation rate 0, and V is a gradient 
operator on an isobaric surface. Here the dependent variables 
are the eastward (ti) and northward (v) components of the hor- 
izontal wind v //, the vertical mass flux u) dp /dr in the iso- 


baric coordinate sy stem in which the pressure p play's the role 
of the vertical indepenckTit variable), the geopotential ♦ of an 
isobaric surface, the tempers cure 7, and the atmospheric spe- 
eif e humidity q. Together with the hydrostatic equation 
d^/op » -a and the atmospheric equation of state pa ■ RT, 
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where a is the specific volume and R the gas constant, Kqs. 
(B. f )-(2.5) constitute a closed dynamical sv'stem in terms of the 
variables u, r, u), T, and a once the frictional forces and 
the diabatic heating Q, the net evaporation F nonus the 
net condensation C, and the necessarv* boundary '‘^-nditions 
are specified. For most applications, the Earths geophystcal 
constants (Q« a, and gravity), the £arth>Sun geometr> , the at- 
mospheric composition, and the distribution and elev ation of 
the continents relative to the oceans are assumed given. 

Equations (2.1)-(2.4) describe the local *^a.*ation of the 
velocity, temperature, and moisture with time (^ ) es result of 
the horizontal and vertical advection accompanyin;^ ' e large- 
scale fidd of motion over the spherical Earth, Coriolis 
forces IndtKxd the Earth's rotation, the pres>.ire >>rces, and 
the local frictional, heating, and moisture source/srik <^fects; 
Eq. (2.5), on the other hand, servci to i -“ter r:,ine f!ie vertical 
motion In terms of the isobaric divergence of the horizontal ve- 
locitv’ and is a diagnostic relation in contras^ to the prognostic 
Ecp. (2.1)-(2.4). These equations, often ' irther approxi- 
mations, are the basis of the numerical weather-piediction 
methods now used routinely by the Natif ^ A Weather Service. 
Similar equations «dst for the vaiiatio ' . the velocity, tem- 
p^ature, and salinitv' of the ocean r od t.i *^he ba^ of opera- 
tional models for predicting the large-scale oe*^nic circulation 
and sea-surface t«nperature. The r mount of water in the sur- 
face soil and the of snow on the surface are sometimes 
also treated as dependent va«iables through equations describ- 
ing their net accumulatioii as z functior of the local precipita- 
tion, evaporation, and surfuce runoff and/or melting. 

For the purposes of climate, howeviT, some of the most im- 
portant physical processes are not thc^e displayed explicitly in 
these equations (all of which can in p.*«nciple be determined 
with reasonable accuracv') but rather those that are contained 
im[dicitly in the frictional and heating terms. Included in the 
symbol F, for example, are all the analler-.«cale convective and 
turbulent transfers of momentum within the atmosphere and 
between the atmo^here and the underlying surface, whether 
it is ocean, land, or ice; in the case of the ocean, tiiis includes 
the wind stress at the sea surface and the ocean’s frictional drag 
against the bottom and lateral boundaries of the bvisin. These 
frictional effects serve as a brake on the intensity of \ he circula- 
tion, which is otherwise sustained by the kinetic energy con- 
verted from the totai potential and internal energy' of the sv's- 
tem, the ultimate source which is the Suns radiation. The 
symbol Q contains not only this net heating from insolation but 
also the heating from the transfer of long- wave radiation within 
the atmosphere and between the atmosphere, the clouds, and 
the Earth's surface. Also included in p is the latent heating ac- 
companying the pi jcesses of condensation and evaporation 
and the transfers of sensible heat by conduction and convection. 

Many of these momentum and heat fluxes occur in the bound- 
ary layer near the Earth’s surface and in the convective-scale 
motions associated wilh clouds in the case of the atmosphere. 
Generally, these fluxes are not explicitly resolved in climate 
models, in spite of the fact that they contain niudi of the 
model's physics, and their .successful parameterization or rep- 
resentation in terms of the large-scale variables is an important 
aspect of modeling. Such parameterization usuallv rests heav- 


ily on empirical information and affords an i^^iortunity to 
adjust or tune the model to some ex^t to obser^ ipreaoA) 
conditions. On the time scales of climate sudi model parame- 
terization is of particular importance, because In the run 
it is the accumulation of small Imbalances in friction and heat- 
ing that n»ay cause the dimatc to dnmge as the sysUsui sedts a 
new statistical equilibrium. The net incoming and ou^dng 
radiation at the top of the atmosphere are in only af^oximate 
balance over periods of a year or longer, and It is possible for 
the deep^ oceans and the ice sheets, for examj^c, to sIm or 
rdease large amo^jrits of heat effoctivdy ov^ long p^tods of 
time by slow but progressive changes in their temperature and 
volume. 

The remaining aspect of the formulation a dimafo modd 
is the spedficaiion of the boundary' conditions necessary for its 
solution. In the case of the atmosphere, these conctttkuB consist 
of the incoming solar radiation at the top of the (modd) atmo- 
^here and the devation and albedo of the Earth's surface. 
Without the ocean and ice induded as interactive componmts, 
it is also necessary to q)edfy' the sea-surface t^poature and 
the distribution of surface ioe as bouznlary conditions for the 
atmosrdieric modd as sketdied in Figure 2.3. Hie boundary' 
coiKlitlons for an oceanic modd are the net fluxes d nternwn- 
tum, heat, and moisture at the ocean sur^Me (which would 
aatomaticaily be determined by a cou|^ed atmcKq^im) am! 
tlie geometry of the ocean basin. Similarly, for modds the 
ice dieets and land surface die necessary' boundary conditions 



FIGURE 2.3 Schematic representation of the stru' ture and princi- 
pal variables of an atmospheric GCM. Symbols are ^ $ defined in the 
text, except for a, which is a scaled vertical coordinate * (p - Pt)(P$ ” 
Pi>) ~ ^ surface sensible heat flux H, ground wetness GW, solar radia- 
tion S, terrestrial radiation H, cloudiness CL, and albedo a (from 
Schlesinger and Cates, 1979). 
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are the net fluxes of water and heat with the overtying atmo- 
sphere and the geometry of the Earth s suriace. 

Because the atmosphm is the c^tral conduit (and the 
smallest reservoir) of the climate system's energy and contains 
most of the hi^-frequency variations, it is the rescdution oC the 
atmospheric portion of a dimate model tliat is usually the most 
flemandtng. An exception to this occurs when the atmosphere 
is itadf treated in a parametric or ^tistkal fashion, in which 
case the necessary r^utlon is det«mined by the hl^iest-fre- 
qu^icy component of the dimate system that is explidtiy mod- 
ded. The dimate models of lowest spatial resolution are those 
that effecdvdy represent the entire atmoq[>here as a single 
point: those of hi^best spatial resolution are capalde of resolv- 
ii^ features of sev^al-hundred-ldlometer horizontal dim^- 
sion and a fmv kilometa’ \'ertical dimension. Because the com- 
putationai effort involved in solving a modd genially varies 
as the cube of the spatial resolution, the higher-resolution mod- 
els generally proceed relativdy slowly on ev«i the fastest of 
modern computers, whereas modds of less ^tial resdution 
proceed hundreds or thousands of times faster. Hus computa- 
tional di^rity eflectively restricts the more detailed dimate 
models to the simulation oi a few years or decades. The more 
highly parameterized (and therefore less-detailed) modds are 
aUe to simulate ^ecH vely the behavior of at least some a^)ects 
of the dimate over mudi longer periods time. As we shall 
see, the prd^ems of paieodimate require an effective solution 
to this computational dilemma. 

In general, atmosj^i^^tc and oceanic modds (and hence di- 
mate moc^) are conveniently drafted as dthcr general -cir- 
culation models (CCMs) Cor sUttsdcal-oynflmiical models 
(SDMs), depending on whether synoptic scale motions are 
resolved. In the atmosphere these motions are the familiar cy- 
clones and andeydones of mid-iaHtude weather, which occur 
on characterisdc scak^ of the order of 10^ km, whereas the cor- 
responding motions in the ocean (the so-called mesoscale 
oceanic eddies) occur on scales of the order of 10^ km. of 
the kinedc energy in both fluids is assodated with these tran- 
sient disturbances, and the>^ represent the dominant mode of 
instability w'hereby potential and internal energ>' is traas- 
formed into kinetic energy; these modons also play an impor- 
tant role in the maintenance of the global balances of angular 
momentum, heat, and total energy. CCMs are therefore 
dally weather models that have been designed to run < 
made time scales and from which the statistics of the cl. 
are extracted by averaging the solutions over the desired i . 
vals of time (and possibly space as well). SDMs, on the otliei 
hand, may be regarded as more directly addressing the cli- 
matic averages themselves, although not without a possibly 
serious loss of information. Depending on the essential space 
and time scales of the problem being considered, both model- 
ing approaches may be useful: for the problem of pre -Pleisto- 
cene climates in particular, a blending of the two approaches is 
indicated, as will be discussed below. 

As already noted, climate models are invariably solved with 
the aid of high-speed computers. This requires the design of 
appropriate numerical algorithms to replace the physical dif- 
ferential equations [such as Eqs. (2.1)-(2.5)], as well as the 
adoption of resolution intervals in both space and time; in a 


well-deidgned numerical scheme the solution of the ap|mxi- 
mating equations should be reasonably dose to the (gen»aUy 
unknown) solution of the basic differaitial equations them- 
selves. Althou^ other techniques are avatlible, most CCMs 
are solved with the aid of eith^ ffnlte-dlfference or ^sectral ap- 
proximations to the modds* physiod equatiom, in which case 
the maximum allov'aUe time step is limited to the order of 1 h 
In ord^ to ^i^ire the ffdution*s computational staUlity. More- 
ov^, it is also goierally deslral^ to design die numer^ solu- 
tion of a GCM in such a way that the basic integral Invariants 
the flow (sudi as the tc^ ena’gy, total ai^ar momentum, 
and total square of the vortidty) will be at least aj^mndniately 
conserved in tiie absence of sources and sinks. 

When these conditions are met, the numerical solution of an 
atmosjdmlc GCM proceeds on modem computers at speeds 
between rou^y 10 and 1000 times the speed ol the evdving 
dimate Itself, depending primarily on the number oi levels in 
the vertical and the amount of sophistication Induded In tiie 
paran^terization of the friction, beatii^, and mdsture source 
terms. Hie num«*kal solution of SDMs, on the other hand, 
may be carried out without the restrictions of computational 
stadllty, whidi so sev^dy slow a GCM ssdution because they 
do not «q^tly resolve ^ atmo^^iefic (or oceanic) synoptk- 
scale motions. It is th^efore not uncommon for a time-depen- 
dent SDM to advance in steps oi several years, although ^ledal 
att^tion 1 $ sometimes given to seasonal dianges. SDMs also 
lend themselves readily to the examination of equililnrium or 
time-independent solutions, sudi as thi^ that are built around 
the requirement of an exact heat balance at the Earth's surface. 
By employing different degrees of spatial averaging, SDMs 
may be devdoped in zmo-, one-, two-, or three-ditnensional 
versions (Saltzman, 1978); a zero-dimensional model is one in 
which averaging is performed both Imrizontally and vertically 
over the dimate system, a one-dimensionai model has only v^. 
tical or latitudinal resolution, and two-dimenrional models are 
usually devdoped in ether the meridional or horizontal 
planes. Zonaily averaged atmospheric modds in particular 
have been widdy used to study the latitudinal d^ndeice of 
dimate, although they necessarily obscure the longitudinal 
structure of climate features skxA\ as those due to the relative 
of oceans and continents and require parameterization 
ts of synoptic-scale disturbances, 
mining the output of a dimate modd, whether in 
1 extended numerical integration of a GCM or the 
numerical solution of an SDM, it is u^ially as- 
he statistical properties of the solution (i.e. , the di- 
end only on the specification of the modd's internal 
pi.,. > properties and on the spedfied boundar>^ conditions. 

In this deterministic view of climate, the initial conditions 
from which a particular integration is started are viewed as un- 
important in the determination of the statistical properties of 
the equilibrium climatic state; when the more slowly respond- 
ing components of the climatic system are included, howevek, 
more time will generally be required to achieve statistical equi- 
librium. As reasonable as this sounds, it is known that the di- 
mate given by at least some relativdy simple modds is not 
unique and that more than one stable solution exists for identi- 
cal boundary conditions. This property' has its origin in the 
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fiKKld’s purunu'tiTi/^tion 1 1 noiilinrur fctKlImc k rfftvts. aiul 
vvlu‘tluT it is also prt^MMit in iiiori* m*ruTal cliiiiali* imKlvls lias 
nut vft Urn s4itislacturiiy dHiTtniiu'il. Tin* Miliiliuas rf crrtain 
siinplifii*il diinato systiMiis urulrr invariant iMHiiulars c'ondi- 
tiuiLs art* also known to sw itc h in a strinindy irruj^nlar and nii- 
prc‘di(‘tal)lo inannor lx‘t\virn two strinin^K distinct statt^; 
whether such lM*ha\ ior is (or has Urn) exhibited by the Karth’s 
climate is not know n. Le^t thc'sc* cxmsideratioiLs cast d(»iibt on 
the validity of pahsK'limatic ri*const ruction, it shoiild Ir noted 
that the Karth’s climate has lurt'ss.irily followrd oiiK oiie cli- 
matic path durin^ ^eolot^ic time even if multiple paths w ere 
available and that this uni(iuenc*ss should therefore in principle 
U* repnKlucible. 

CharacUristir Model Performance 

To jiive a clear idea of the nature and acruracy of the soliitioas 
to Ik* ex|Krti*d from climate models, we first cxiasider the char- 
acteristic |K*rformance of cirrent atmospheric (#CA1s. The dis- 
tribution of the aserajje sea-level pressure simulated for the 
month of July in a recent integration of a two-level atmo- 
spheric CXAl is sUiw n in Figure 2.4, alon^ w ith the ol)ser\ i*d 
climatological distribution (Schlesin^er and Gates, 1979). 
W hile a number of l(K-al simulation errors may U* noted (the 
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most proiniiu*nt of w hi(*h is tin* niiKlers evident failure to simu- 
late ixirrirtls the* |M)sition of the (|iiasi-stationary hi^h*i)re*ssure 
crlls over the mid-latitude* <Kt*uns in the summer he*misphere). 
the* meKle*l has satisfacteailx |K»rtra\id most of the lari;e*-v ale 
feutMre*sof the* pressure fic*ld. A .similar level of skill is pre*st*nt in 
the cxlrn‘s|M)ndin^ solutions from otlie*r (X.'Ms and for other 
months of the year when the iasolation and the sc*a -surf act* 
teni|K*rature are a^si^nctl their ol)sc*rvtd sc*a.se)nal variatiorcs. 
Fiv;ure* 2.4 also illiistrati*s the* txpical re*solution of the* ctmti- 
ne*nts and oct*an:« achievitl by global GC.'Ms. w hich in thisca.se* 
is that ^iveii by a 4 UtitiKle* and 5'^ longitude )£rid. 

The global distribution of total prc*cipitatiop siniulaUd dui- 
hin July Ml the same nieKlt*! inte*^ration just cti i.siderid is show n 
in Figure 2.5. together w ith the climateilo^ical avi*raue July 
precipitation. As was the cast* with st*a-lt*xel prt*s.sure. the 
iiiodel can U- sct*n to have f:ucxt*s.sfull\ .simulated the lar^e- 
scale distribution of privipitation. includintf the band of maxi- 
mum rainfall near theetpiator and the low precipitation in the 
subtropical desc*rt and sc*miarid re^ieiiLs. Although there are er- 
rors of 100 jK*rcvnt or more in the c*stimate of local precipita- 
tion in .some areas, the* cxiherencx* in the simulated precipitatiein 
pattern and its systematic shift with the sea.sons (not shown 
here) le*nds cx>nfide*ncx* to the overall realism of this and other 
similarly |x*rformin>{ (iC.Ms. This performanct* is t5S|Kxially 


KKX’KK 2.4 The distrihiition nf July sea- 
U‘ve*l pressure (in millibars) as simulatid 
(alxive) and as c»f>si*r\id (Ik*Io\v). Here 4ip- 
plirui o\er the iKeaii denotes the a.ssi^ned lo- 
eatioiLs of st*a kr (from Schlt*sinuer and Gatt*s. 
1070). 






1B0 'SOW 1?0W 90W 60W )0W 




PaleocHmatic Modelinn 


33 








ISO 1^ 120W 90W SOW m 


30E «OE ME 120E 1S0E in 


FIGURE 2.5 Same as Figure 2.4 except for 
July precipitation (in millimeters per day). 


noteu'orthy in the case of precipitation, of which approxi* 
matelv half of that in mid-latitudes and nearly all of that in low 
latitudes is simulated to occur in association with convective- 
scale motions; the effective parameterization of this convective 
rainfall is one of the more difficult and sensitive aspects of cli- 
mate modeling. 

The characteristic performance of atmospheric SDMs ma>’ 
be illustrated by the zonally averaged distribution of mean air 
temperature simulated by a simple energy -balance mode, as 
shown in Figure 2.6, along with the obser\ ed average distribu- 
tion (North and Coakley, 1979). This model (and most other 
SDM.s with latitudinal resolution) has obviously reproduced 
the climatological meridional surface- temperature variation, 
especially in middle and higher latitudes, with an accuracy^ 
equal to that achieved by GCMs. As is usually the case with the 
more highly parameterized models, howev'er, the extent to 
which this agreement with observation has been caused by the 
use of climatological data in the tuning or adjustment of the 
model's overall heat balance needs to be determined. In spite of 
this proviso (or perhaps because of it), SDMs have generally 
shown an acceptable level of accuracy in simulating other ele- 
ments of the climate, including the pressure and zonal winds 
(not shown here), and have proven u.seful in the depiction of at 
least a first-order solution for those aspects of the climate that 
are least .seasitive to parameterization and spatial averaging. 



FIGURE 2.6 The distribution of the zonally averaged mean atmo- 
spheric temperature (in degrees Celsius) during March, April, and 
May as simulated by a simple climate model (curve) and as ol>served 
(dots). The abscUsa X Is the .sine of the latitude (from North and Coak- 
ley, 1979). 
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More det ailed information on the performance of current at- 
mospheric GCMs and SDMs ha5 bwn given by the World Me- 
teorological Organization (1979). 

In parallel with atmospheric GCMs, general circulation 
models have also been devek>{ied for the global ocean. The 
charactertstic per for mance of ihest oceanic CCMs is illus- 
trated in Figure 2.7 by the distribution of the annual average 
sea-surface temperature simulated by a six-level oceanic model 
in response to atmc^heric wind stress and heat flux at the sur- 
face (Br\ an et o/., 1975). In comparison w ith the observed av- 
erage distribution* w hich is also .show'n* the model has success- 
fully reproduced the large-scale features of the sea-surface 
temperature distribution even though there are local errors of 
several ckgrees Celsius. The success of this simulation* as well 
as that of similar oceanic GCMs* is partly the result of the ad- 
vection of temperature by the large-scale current s>*stems, 
w'hich the model succes^ully simulates (not shown here) and 
f>artly due to the mocbl's depiction of the local vertical mixing 
of heat. This performance is of particular importance to the at- 


mosphere in view of the close correspondence obierved be- 
tween the variations of sea-.surface temperature and rainfall in 
the lower latitudes— a result of the surface temperature's con- 
trol of surface evaporation and the subsequent convective con- 
densation. There is therefore an expectation that these 
mechanisms are allowed to interact freely in a coupled ocean- 
atmosphere GCM* there will be an improvement in at least the 
tropical simulation of both the sea-surface temperature and 
precipitation; the fact that this has not occurred to a marked 
degree in tlie few integrations of coupled GCMs that have been 
made so far is testimony to the difficulty' of properly parame- 
terizing the turbulent fluxes in the back-to-back atmos{9)aic 
and oceanic surface-boundary' layers and to the lack of an ade- 
quate treatment of the disparate response times of the large- 
scale atmospheric and oceanic circulation to these mutually 
determined surface fluxes. 

In addition to the atmosphere and ocean, mockls have also 
been successfully’ developed for the cry'ojphere. Among tf»ese 
are numerical models of the growth and movement of sea ice. 


FiGUftE 2.7 The distribution of annually 
aveiaged sea-surface temperature (in degrees 
Celsius) as simulated by m oceanic CCM 
(above) and as ohser\ed (below) (from Bry an 
et al., 1975; with permission of the American 
Meteorological Society). 
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KKiTHK 2.K Tin* ilistrilMitinii ol st*a siir- 
iuc'T t('iii|M‘ratiirr (in (i(*)£nirs OKiiis). iiv 
(S. denoted over (he (KvaiLs hy stip|)liiiu) and 
land i(v (/. denoted over the land hv erovv 
hutehiii^). Here tlu c'ontiru'nta) oiitlincrs eor- 
^(^|Mmd t(» a vea level lowtTinu of 85 in as scrii 
on u 4 latitude and 5' lonvtitnde urid (from 
(iat^•^ lifTfia; i-oinri^ht HlTfi In (he Ameri- 
lan Av' K'iation for the Advam-enient of Sci- 
eni-e). 


which arc n.Miall\ intcuralcd as part of the solution of an 
oevani^* model. 'I'he seasonal variatioasof si*a icr in the Arctic 
and Antarctic are rea.vmably well simulated hy the simpler of 
such models that consider only the local vertical flu.\i*s of heat 
alxive and lx.*neath the icv. Of at least eijual iiniiortanct* to the 
overall modelinjz of the climatic system are the nuKlels of the 
ice sheets (and to a lesser extent, models of mountain ulaciers). 
In resjxiasc* to a prescrilx*d net surface ac'cumulation of mass 
and to a prescTilxtl net surface-heat flux (which are the most 
imjxirtant elements of the local atmospheric climate as far as 
the ice sheet is C‘oncernc‘d). dynamical ice-shtet models that 
cxm.sider tx)th the .sheet’s interna! tem|XTature and velocity 
have successfully .simulated the development of ice sheets on 
c*ontinental dimensions. W’hereas tht^se* models ma\ lx* regarded 
as ice-shcet CCMs, their dv nami<^*s are somewhat simpler than 
those* of their atmospheric and (xeanic c*ounterparts Ixeausc* of 
the hitih viscosity of die ici*. Tlie iiiteuration of such models can 
therefore lx* carried out relatively c*asily. In stilutions extend- 
ing over hundreds and thousands of years the friction with the 
underlying ground and the |X).ssihility that the ice may melt at 
the bottom may e.xert a major inlliience on the Ix-havior of an 
ice .shtet as it either approaches or r(*treat.‘; from an (*cpiilihrium 
configuration (Biidd, 1909). It might also lx* notid that an ice- 
shec't (JCM has not yet Ixen solved in concert with an atmo- 
spheric or (Kcaiiic (XJM, so the long-term effects of tfieir 
mutual interaction cannot lx* ade<juat(‘ly assis.^id; this interac- 
tion, however, is likely to lx* an im|xirtant dement in the his- 
tory of the Karth’s glaciation. 

PALKOCLIMATIC: MOnKMNC; 

On th<* basis of the background and review of climate modeling 
given alxive, we are now in a jiosition to consider tiie s|x*c*ific 
problem of modeling the pak*<K‘lima(e, with particular refer- 
ence to the pre-Pleistoci*nc. After reviewing the problem of 
palc*oclimatic data a.vsc*nd)ly and the pr(*s<*nt status of pahsxli 
matic numerical exiKTirnents, we shall consider a s|x-cific stra- 
tegy for pre- Pleistocene climate modeling. 


Valvnclimativ Data Assembly ami Model Testing, 

The relative scarcity ('f suitable pale(K;limatic rec*ords and the 
difliculty that usually accoinpanic*s their extraction dictatc*s 
diat careful c*oasideration be* given to all palc*ocli matic data. 
These proxy data are typically found at scattered hxatioas 
over the gloix* and can lx* interpreti*d in terms of only a limited 
nurnlx*!’ of climatic variables. As shown elsewlu n- in this vol- 
ume, such pakxx'limatic “data of opixirtunity” arc* also gener- 
ally less abundant as one pr(X‘c*t*ds to oldt*r geol >gic |x*ri(xls. 

From the viewjxiint of climate mcxleling, pak*(x*limatic 
data sc*rve two pur|X).v*s: first, they are necessary for the reali.s- 
tic stxxification of the IxMindary cxinditioas at the Farth’s .sur- 
face that are rt*<iuired by climate mtxlel.s, and, sec*ond, they are 
nteessary for the verification of at least portioas of the models’ 
.simulatc*d ciimate. As has been nott*d previously, the mo.st 
demanding .surfacc*-lxmndar> exmditioas are those rctpiired by 
atmospheric (^C.Ms; these c-oasist of the hxation and elevation 
of the land surface relative to a possibly changed sea level, the 
st‘a-surfac*c* tem|x*rature. the distribution (and elevation) of ice 
shc*ets and .st*a iev, and the surfact? albedo, which serves to dis- 
tinguish land-surfaci* tyjx*s and vegetative cover. Ideally these 
dat.i should lx* pros idt*d at every jxiint of the model’s global 
grid and lx* changc*d with the s(*ason.s if appropriate for the 
model’s time integration. No palecxlimatic data set fully mec*ts 
thesi* reipiirements. although that a.ssembl(*d by theCLIMAP 
Project Membc*rs (1976) for the W’iscoasin iev age of alxiut 
18, (MM) y r. B.P. (years Ix-fore presc*nt) shown in Figure 2.8 
comes clo.^^^t. For earli<*r epochs atmospheric climate mod- 
elers will have to pr(X‘ec*d on the basis of lc*ss prec ise* knowlt*dge 
of cfinditions at the Farth’s .surface* and will have to de\ elop the 
grid-point Ixiundary-condition data sc*Ls rexjuired by GCMs 
with the h(*lp of intc*'’{X)lation .scheme's and the most phy sically 
consi.stc*nt c^timat(‘s that can lx* made. 

In the iialcHxIimatie application of (xx*anic GCMs, the re- 
(|iiired Ixiundary exmditions cxiiisi.st he location and geome- 
try of the global (xvan basins and (he water mass and hc*at 
flux(*s at the exvan .surface*. From the growing Ixidy of data c?ol- 
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lected in association with studies of plate tectonics, the historv 
of the shape, depth, and global pc^tion of the major ocean 
basins is now emerging from which it may be possible to ex> 
tract the information required by mocfels (Smith et aL, 1973; 
Smith *.nd Briden, 1977; Scotese et aL, 1979; Ziegler et n/., 
1979). Of particular importance for tl^ large-scale oc^nic cir- 
culation, and hence for the distribution of global climate, is the 
presem^ (cr absence) of mnal pa^ges and diallow seas and 
the geographic locations intermediate and bottom wata* for- 

mation. In the simulation of a ,'mleo-ocean. It may be expected 
that the surface layers will show a relatively rapid adju^ment 
to the imposed surface fluxes and that the response of deeper 
V, ater will require many yairs. The details of the surface fluxes 
are probably not criUoil for the stucK^ of the ocean's spin-up 
characteristics, although these fluxes slniuld be made compati- 
Ue (or actually be coupled) with an atmo^heric model if the 
oceanic climate is to achieve a realistic equilibrium state. A 
similar remark applies to the application of ice-sheet models, 
which as previoudy noted have not yet been integrated in con- 
cert widi U^r atmo^heric ami ocranic counterparts. 

After a climate moc^ has been integrated under suitable pa- 
leodimadc conditions, there r^ains the question of verifying 
Its re»ilts again^ whatever paleodimatic data are availaUe 
(and have not already been uaed as boundary condiUoi^ for die 
modd). Using an atmospheric GCM as an example, the time 
history of a climate Emulation will g^rally yield the ^obal 
distribution a wide variety surface climatic variables (in 
addition to variables in the free atmosphere itself). These in- 
clude the surface-air temperature, pressure and wind velodty, 
stirface evaporation and sensible Imt flux, net surface fluxes of 
long-wave and diortwave radiation, precipitation in the form 
of either rain or snow, degree of ground wetness, local snow 
depth (if any), and cloudiness. If the mocfel simulation extends 
over seasonal or annual time scales, then the corresponding 
seasonal and interannual variability of such variables is auto- 
matically fumidied as wdl . Because tlw detail of the simulated 
data far exceeds that which is ever likely to be available for 
even relatively recent geologic periods, model verification will 
generally consist of the comparison with limited **observed" 
proxy data at selected locations. If such comparison shows r^- 
sonable agreement, and especially if agreement occurs for 
more than one variable and in more than one location, then the 
model's results may be accepted provisionally. The importance 
o* such verification for multiple variables at multiple sites is an 
especially important factor in our appraisal of the realism of 
the simulated climate, observed climate, or both as the ele- 
ments of the simulated climate at least are guaranteed to be 
physically consistent 'vith one another and in their spatial dis- 
tribution. While it is of course true that a model is never better 
than the data on which it rests, a locally poor verification of a 
particular simulated climatic variable may be due to the low 
quality of the verifying proxy data rather than to a failure of 
the model itself. 

Although the..j two uses of paleodimatic data— for bound- 
ary conditions and for verification— are formally independent 
from the modeler's viewpoint, they are often closely related in 
practical paleodimatic work. For example, the derivation of 
one proxy data set may depend on another set, as in the calibra- 
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tion of paleobotanical evi<knce in terms of either temperature 
and rainfall or the implications that the spedfication of the 
land-surface albedo in terms of surface vegetation. Fur- 
thermore, a proxy data set that serves as a boundary cotdlUon 
for one model may serve as verlflcation data for another, more 
general modd, as in the case of the sea-surface tmperature in- 
terred teom the analyris of oceanic sediments. In CLIMAP 
dfort, most of the available proxy data were for the ^pedfica ■ 
don of model surface-boundary conditions, leaving rdativdy 
little indepemlent data for verification. It is hoped that this al- 
location will be reversed as paleodimatic data assmUy pro- 
ceeds in paralld with climatic reconstructions with progres- 
sively more comprehensive modds. 

Paleodimatic Model Experiments 

As a preview of the results diat may be expected teom future 
model simulations of the pre-PIdstocene, It is useful to review 
in more detail some of the results that have been olHained for 
the Wisconrin (Pld^oome) ice age. The apfdic^tion of a 
comprdiensive atmo^heric modd to the simulatlor of ice-age 
dimate was that of Alyea (1972), who used a hemis{^)^c geo- 
strophlc modd in conjunction with Idealised surface-bound- 
ary comlitions representing an ice age. He found, as mi^t 
have been antid|Mited, a gnterally cooler and drier dimate 
along with indications of sli^t shitts in the pattern of the zonal 
wind drculation. Cen^’ally similar remits w'ere subseqi^ntiy 
found by Williams et aL (1974), who used a ^obal GCM but 
with surface-boundary conditions drawn from diverse e^- 
mates that schematically represented conditions during die 
Wisconsin ice age. Only a qualitative verification of these 
moctel experiments was att^pted, and die degree of modd 
d^nden^ ;n the results has not been determined satisfactorily. 

By far the most comprehensive paleodimatic data ass^bly 
y^ achieved is that of the CLIMAP Project Mahers (1976). 
These data, representing comlitions at the l^ght of the Wis- 
consin ice age about 18,000 yr B.P., iiKlude the global di^- 
bution of sea-surface temperature and sea ice (interred from 
the fossil record in de^sea sediments), the extent and thick- 
ness of ice sheets (reconstructed from ^adal evidence and ice- 
dieet budgets), the albedo of the land surfaces (interred from 
botantical evidence and soil characteristics), and a spedteca- 
tion of global sea level relative to the present (interred from 
coral-reef data and ice- volume estimates). These data have 
been used by Gates (1976a, 1976b) and Manabe and Hahn 
(1977) in the reconstruction of the July ice-age climate with 
global GCMs. The results of these experiments (in whidi sea- 
sonal effects were omitted) are represented in Figures 2.9 and 
2.10, which show the simulated change of July surface-air 
temperature (with respect to the model's simulation for pres- 
ent-day conditions) and the simulated ice-age July sea-level 
pressure, respectively. In Figure 2.9 the moitel is seen to have 
simulated an ice-age cooling of 10®C or more in extensive ice- 
free areas over the continents, even though the average speci- 
fied cooling o.^ die ice-age oceans rdative to modern July was 
only about 2°C. In comparison with the limited verification 
data also shown In Figure 2.9, the model's simulated cooling is 
considered reasonably accurate. 
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FIGURK 2.10 Till* distrilxitioii of JiiK .vt*a- 
Ievi‘l pri’ssuri* (in millit>ars) as simiilatitl for 
Wisc'oasin kv-am* txniditioiis (ahovt*) and for 
modern conditions (In'Iow ); Mr al.so Figure 
2.H (from («atcs. lOTfih; with fXTini.ssion of 
tiu* Aincrican .Mdcorolo^ical S<K’i**ty) 



From the .simulated July .sea-level pressure .shown in Fivj’ire 
2. 10, the major kr-a^e change in the .surfacr circulation is stsii 
to be that a.sw>ciated with the semi|)ermanent anticyclones 
found over the major ice sheets in North America and Euro|H*; 
this pattern impliw a dra.stic change from the present cherac - 
tei istic July climate over the eastern and southern |K)rtioas of 
these wntinents. Although the models c»f Ixilh (»ates (1976a, 
1976b) and of .Manaln* and Hahn (1977) .show the jul\ ice-a^e 
climate in ijeiieral to lx- slijrhtly drier than at present, lessc-onfi- 
dence can lx* placed in the iiKKlel.s' .simulated chan^i^ of local 
precipitation (not shown here) for reasons discitssexl earlier. 
These* results have birn j'encralK C'onfirnud in new (;CM ex- 
IXTiments iLsinj; the revised global data st*ls for lx)th January 
and July rec’ently assembled by CIJMAP (Peterson rt al., 
1979). 

The |x*rformantt* of SDMs in pak'oclimatic re*ce»n.struction is 
illustrated in Figure 2. 1 1 by the results of Salt/.man and Ve‘rne*- 
kar (1975) for glacial maxiniun) conditioas. Here the simu- 
lated kc-aKc changes of /onally averaged tem[x*rat;ire. wind, 
and (he c*vajKiration-pre*cipitatif)n difference* are ^eneralK 
similar to the />onal ave•ra^e of t.ic re^sults |L,ive*n by (XJMs. 
Other SOMs have lx*en used to simulate* daOal-interKlacial 
cycitjs in re*.s|xmse te either variations of the* Karth’s orbital |)a- 


rarneters (Pedlard, 1978) or to inte*rnal fe*idback lx*tween the 
ic*'.* adxxi'i and te*m|x*rature (Held and Saurez, 1974). A pre- 
liminary attemipt to simulate the climatic effects of changed 
c*ontiucntal {xisitioas has al.se> lx*en made by Donn and Shaw 
(1975). Such e*x|K*rime*nts serve to illastrate the seasitivits- of 
the climate in .such models (and |K*rhaps in all models) to the 
relative absorption of he*at by the atmo.sphere, oce*an, and ice. 
Without additional paleeKlimatic data it is difficult to verify 
such mode*ls adenpiatelv eve*n for the Pleist(x*ene. although thev 
mav rieverthele.*ss prove ase.ful in umjunction with other mod- 
els in the ex])loration of earlier cliinat(.*s. 

A Stratf ii,y for ModvHiiii Vrv-Vlnsiocvnc Cliniatr 

in view of the c*omplexity of the climate system and the effort 
involved in achiev ing ev en a nuKlest degree of siicx*ess for mod- 
ern and rec*ent Hol(x*en<* climates, it is not realkstic to exjxxi a 
rapid breakthrough in the simulation of pre-Pleistocene cli- 
mate: it will in all likelih(M>d rcijuire scweral decades of work 
lx‘fore the pal(*(K‘limatic data and modeling tc^'hni({ues nec*es- 
sary for sati.sfactory ri*sults w ill lx* in hand. And even if virtu- 
ally unlimited c*omputing ri*sources were available (which is 
certainly not the c-asc*). it would lx* utterly unrealistic toex|x*ct 
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lo Emulate with GCMs tl^ day-by-day evolution oi climate 
OV& pre-l^^ocene time scales. What is needed Is a modding 
Mra^^ diat coml^nes the valualde features of both GCMs and 
SDMs in an economical and elective fadiion while guiding die 
acquisition of new prox>^ data and the devdopoH iit of new 
nuidding techniques. 

Sudi a ^rategy in fact is sui^e^d by a ba^ dtariKf^ristlc 
the climate system itadf, muttdy« the widely (hdeiing 
r^ionse times oi the sysla's ma|or adnoqdierlc, ooauite, cry- 
os^pkmrk, land surface, and biomass components. The bdiav- 
ior ctf die more inerdal portiom the system ^ggests that 
these jomponents ^d^vely reload to the average or Int^al 
nf the dimatic information from the more rapktty varying 
components and that they th^*efore require such information 
oidy at rdativdy widdy separated times. Hence, in the sdu- 
dmi an atmo^dieiic mo^ (and ^edfically an ateiKMsdi^lc 
GCM) It is permissible to nedcct the variation of all cgher com- 
ponents of the system (accept perhaps the oceanic surface layer 
and assodated sea ice) and to lirtegrate only over that dme in> 
toval sufficient to gaierate a ^atlstic»Il>‘ representative at- 
mos{dieric dimate; this interval U certainly longer than a sea- 
son felt {uobaldy le^ than a deauk. For an oceanic GL.d /atKl 
pa^haps also for die »irfiu?e Idoma^) whose rei^xmse dme is in- 
termeAate between that erf the ice dieets and the atmoqdim, 
this ^ateg>^ suggests d»t integration needs to be performed in 
re^penae to a peHodteally up^^ atmosfrfienc dimate only 
ova* that tin^ interval sufficient tr, generate a representadve 
oceanic diinate, with the land suiface and ke dieets hdd fixed 
as boundary' condUdons; this interv'al is probably of the orckr of 
a few centuries. Finally, for the Ice sheets themselves (and per- 
haps also for the land surface), this in turn suggests that models 
describing their variadon need to be integrated in response to a 
periodically updated dImate only over that Ume interval suffi- 
ci^t to generate a representadve ke-sheet dimate. 

As summarized in Figure 2. 12, this strategy' results in a series 
erf snapshots of the climate of the various components of the cli- 
mate system, with each snapshot exposed only long enough to 
M!qulre rq>resentadve informadon for use by another compo- 
nent and with the interval between snapdiots selected in ac- 
cord with each component s natural response time. Although 
there are many conceivable variadons of such a modeling stra- 
tegy, its basic philosophy appears to offer a way in which long 
dimadc dme scales can he ackiressed without unnecessary 
computadon. In this scheme, a cllmate-sy'.stem component is 
linked to any slowei -reacting tX’mponents by boundary condi- 
dons and to any faster-reaedng components by thdr climatic 
stadsdes; the common practice of using an atmospheric model 
with all other variables held fixed may be recognized as a part 
of this procedure. If the complete strategy is implemented, the 
evolution of the dow component's will periodically update the 
boundary conditioas for the fa^^ components, whereas the 
trander of climatic statistics in the other directions afford an 
opportunity for the development and use of appropriate pa- 
rameterizatiofis or entire SDMs. 

Such a snapshot strategy' for modeling paleoclimate may be 
initiated at any paiticular point in gecdogic time (or extended 
into the future, for that matter). Although we do not yet know 
the behavior of the climate system under different ar/ange- 
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FICUHE 2.11 The dish-ibution of zonaliy ava^aged potential tern- 
pp: (top panel), zona! wind imi^e pand), and ev'aporadon- 

predpitatiori difference (bottom panel) as simulated by an atmo- 
spheric $DM for modern conditions (full line) and for 18,000 yr B.P. 
glacial conditions (dashed line). In the top and middle pands the let- 
ters s and m refer to surface values and meai. atmos|dieric values, re- 
spectively (from Saltzman and Vemckar, 1975). 
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FIGUKE 2 J2 Schematic summar>' of a snapdiot strategy ff>r integrating the components of the dimate s>'stem. Here the symbd S dmotes 

the transfer of eciuilibrium dimatic sutistics from one component to a more slowly varying component, BC denotes the providon <rf bmindary* 
condition information in the reverse direction, and P denotes the possibility of parameterization (from Gates, 1975). 
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ments of the continents aiHl oceans, there are certain times 
when the climate should be more interesting to study than at 
oth^ times; these include in particular those periods w'hen the 
cofitinents were away from the poles and when the ^obal 
ocean was free of meridional obstructions *n low latitudes 
(Frakts, 1979). This suggests that the late Cpinbrian and early 
Devonum mi^t be interesting times at nhich to attempt a 
reconshruction of the dimate, perhaps ?;tarting with a pre- 
scribed ocean and then progressavdy relaxing this constraint 
with the ^ateg\' described above. Other considbrations, not 
the least of which is the likely avnilabiiity of appropriate paleo- 
climatic data, suggest that simulating the dimate at some time 
during the Carboniferous, Permian, and Jurrasic would also 
be of considerable interest. 


SUMMARY AND CONCLUDING REMARKS 

From this review^ it is seen that the successful application of di- 
mate modding to the pre-Pleistocene will depend primarily on 
(1) the assembly of the paleodimatic data necessar>- for the 
spedRcatioii of the modd boundary conditions and for modd 
veritication and (2) the devdopment of a modding strategy' for 
treating the disparate characteristic response times of the inter- 
acting components of the dimadc system. It Is particularly im- 
portant that the g^metry and rdative positions of the oceans 
and continents be speciHed as accurately as posable for those 
geologic periods chosen for study ami that data that may be 
used for verification of the modd-simulated dimate be assem- 
bled for as many dimatic elements and locations as possible. 
These cor.siderations are perhaps more important than the ab- 
solute accuracy of the individual data or their spatial density, 
In view of the inevitable questions concerning the representa- 
tiveness of local data. Finally, it may be remarked that in the 
assembly of paleodimatic proxy data for dther modd bound- 
ary conditions or verification particular attention should be 
given to the rapidly accumulating body of quantitative infor- 
mation from paleomagnetic, tectonic, and isotopic evidence, 
in addition to the use of the more qualitative climatic informa- 
tion from biogeographic sources. 

Althou^ there is always room for improvement, available 
models of the atmosphere and ocean are clearly capable of sim- 
ulating the global structure of the currently observed seasonal 
climates with acceptable accuracy, and the limited applica- 
tion that has been made of atmospheric models to the simula- 
tion of the Wisconsin ice-age climate has given encouraging 
results. The most serious shortcomings of present climate mod- 
els (aside from the errors assodated with inadequate resolu- 
tion) are believed to occur as a result of the improper parame- 
terization of the s^jrface-boundary layer and of the unresolved 
convective-scale motions. For successful application to the 
simulation of paleoclimates, and especially those of the pre- 
Pleistocene there is the additional need tor an effective and 
economical method of treating the widely differing response 
rates of the atmosphere, ocean, ice sheets, and land surface. 

Ons such method is a snapshot strategy, whereby interact- 
ing components of the climate system are intermittendy cou- 
pled to provide the statistics of the forcing functions, boundary 


conditions, or both needed for a sustained integraHon. Such a 
^ategy can serve as the ke>' orga^iizing element of a compre- 
hensive paleodimatic researdi program (NRC Panel on Cli- 
matic Variation, U.S. Committee for GARP, 1975; NRC 
Committee on Geolog)' and Climate, 1978), wherein there is 
an acti^'e interplay between the identification, assembly, and 
amdyas of paleodimatic data on the one hand and the design, 
application, and evaluation of a hierardiy of dimate modds 
on the other. Whereas such a program calls for the dedication 
of considerable resources ov^ several deca^, and will re- 
quire an extraordinary degree of collaboration among Earth, 
atmospheric, and oceanic sdentists, it is probably the mo^ ef- 
fective way to advance the sdentiRc study of pre-Plei^ocene 
dimates. 
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INTRODUCTION 

There is evidence from the study of deep-sea sediments that the 
climatic (and therefore geochemical and evolutionary) history 
of the ocean is diaracterized by a series of transitions from one 
state to another. The general impression of instability, which 
arises from contemplating a history full of transitions, has been 
captured in the phrase “commotion in the ocean” (Berggren 
and Hollister, 1977). Prime examples (see Table 3.1) of major 
transitions are the Cretaceous termination (Thierstein, Chap- 
ter 8), the Eocene-Oligocene boundary event (Benson, 1975; 
Kennett and Shacklevon, 1976), the mid-Miocene oxygen iso- 
tope shift (Savin, 1977; , the 6 Ma (million years ago) carbon 
isotope shift (Keigwin, 1979; Vincent et aL, 1980), and the 3 
Ma northern glaciation onset (Berggren, 1972; Shackleton and 
Opdyke, 1977). Also there are many less spectacular events, 
some of which apparently are of a recurring kind and belong to 
cyclic or quasi-cyclic phenomena (see Fischer and Arthur, 
1977; Haq et al.y 1977; van Andel et aL, 1977; Berger, 1979; 
Arthur, 1979). 

There are two fundamentally different ways to approach 
the discussion of climate steps recorded in sediments. One is to 


take each event as a unique occurrence that calls for a unique 
explanation. For example, the 3 Ma northern glaciation event 
might be viewed as a result of closing the Isthmus of Panama, 
with the (kflection of previously westward traveling Carib- 
bean waters into the Gulf Stream resulting in increased mois- 
ture supply in high latitudes, and hence increased snowfall. 
Alternatively, the same event might be seen as an inevitable 
consequence of a general cooling trend with strong positive 
feedback setting in, from albedo increase, once a snow-cover 
lasts for a certain part of the year. The first approach empha- 
sizes a cause that is external to the climate-producing s> stem, 
the second focuses on positive feedback mechanisms within the 
system. The second approach can be applied to an entire class 
of events, as well as to the amplification of cyclic signals within 
the period in question. It need not, of course, exclude the 
search for prime causes, both for tlie general trend onto which 
the event is grafted and for the exact timing of the event. 

This chapter summarizes some concepts in connection with 
event analy.sis (Berger et o/., 1977, 1981; Thierstein and Ber- 
ger, 1978; Vincent et aL , 1980) . The basic proposition is to sep- 
arate the external causes (e.g., irradiation changes, opening or 
closing of basin connections) from the internal sources of insta- 
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TABLE 3 J Examples of Fast Climatic Traasitions in 
the Cenozoic 


1 . Tenninations of the late Pleistocene (0.8 Ma) 

Effect : Rapid deglac^tions. warming of mid-latitudes, pC02 
change. 

Refs. ; Emiliani. 1955. I96G. 1978: Broecker aiaJ van Donk, 
1970; Dansgaard ef ai., 1971: Shackleton utd Opdyke, 
1973: Berger and Killingle>. 1977; Berger et al. imix 
Booth pt a/.. 1978; Delmas et a/.. 1980. 

2. 1-Ma Event 

Effect : Onset of large climatic fluctuations after pmod of 
quiescence. 

Refs. : Shackleton and Opdyke. 1976; van Donk, 1976; Vincent 
ami Berger. 1982. 

3. 3-Ma E\-ent 

Effect : Onset of Pleistocene-tv'pedimatic fluctuations. 

Refs. : Berggren, i972; ShacUetoii and OpdyLt. 1977; Kdgwin. 
1978, 1979. 

4. Messinian Salinit>' Crisis (^5.5 Ma) 

Effect : Isolation oi Mediterranean throu^ regression, strong 
cooling. 

Refs. : HsOeto/., 1973, 1977; vanCouveringeto/., 1976; Adams 
€t aL, 1977. 

5. 6-Ma Carbon Shift * 

Effect : Isotope ratios of the ocean s carbon sliift to lighter values, 

presumably owing to organic carbon input from regres- 
sion and erosion. pC 02 change(?). 

Refe. : Ben<h:r and Keignun. 1979; Keigwin, 1979; Vincent ei 
ai, 1980; Ba'ger et al. 1981. 

6. Mki-Miocene Oxygen Shift(?) ( •* 15 Ma) 

Effect : Isotope ratios of the ocean s oxygen shift to heavier values, 
presumably owing to Antarctic ice buildup. 

Refs. : Douglas and Savin. 1975; Savin et aL. 1975; Shf>'*4eton 
and Kennett, 1975; Savin. 1977. 

7. Mid-Oligocene Oxygen Shift(?) (-30 Ma) 

Effect First occurrence of rather heav>’ oxv’gen isotope values in 
deep-sea benthic foraminifera, presumaUy owing to polar 
bottom-water formation. 

Refe. : Savin 1977; Arthur, 1979. 

8. Eocene Termination Event ( -38 Ma) 

Effect : Cooling in high and low' latitudes, expansion of polar 
highs. Significant changes in deep-sea benthic foramini- 
fera and of high-latitude planktonic foraminifera. Rapid 
drop of the carbonate compensation depth. 

Refs. : van Andel and Moore, 1974; Benson, 1975; Kennett and 
Shackleton. 1976; Savin. 1977; Burchardt. 1978. 


bility. These sources of iastability are of two kinds. The first 
are regular amplification mechanisms, such as albedo feed- 
back, whose strength is more or less proportional to the excur- 
sion from the steady-state condition. The second are strong 
interferences from “transient reservoirs” of geochemical dis- 
equilibrium, which are rather unpredictable. An important 
feature of the concept of transient reservoirs is that an ex- 
change of “disequilibrium energy” between transient reser- 


voirs of diffcH^nt kinds can lead to oscillations of the type 
obser\'ed In mechanical and electrical s\*stems. 


THE TASKS OF PALEOCLIMATOLOGY 

The need for step analysis as a means to advance the science of 
paleodlmatology must be framed within die entire scope of 
this discipline. The task of paleodlmatology* is to recmrd and 
exidain the dimatic trends and events that have occurred 
throughout the Earth s history'. In order to devdop models for 
seqi^nces of dimatic states, we must study p^ods of some 
duration, with adequate sampling sets states and didr tran- 
ations. The Pldstocene, e^iedally the late Plelstoc^ie, whidi 
tndudt*s the largest known dimatic fluctuations, is such a set. 
One central task is to analyze the Pldstocene record in a way 
that provides analogies for the undnstanding of more ancient 
dimates. In doing so, it is useful to focus on the systonadc 
aspects of dimate (Kominz and Pisias, 1979; Imbrie and Im- 
brle, 1980) rath^ than on the physical aspects of dimate, 
whidi tend to be poorly constrained for this time pmod. 

The Pldstocene is itself part of a long-term dimatic 
trend — that of an overall cooling since the early Tertiary. It 
also contains a trend wltlun it — that of ever-inmastng ampli- 
tudes of dimatic excuraons (see e.g., Shackleton and Opdyke, 
1976). Both the onset of nortbmi gladadon and the trend 
within the Pleistocene are reasonaUe to ascribe to an increase 
in positive feedback w'ithin the system, the obvious candidate 
bdng an increase in the roleof snow cover in the heat budget of 
the Earth’s surface. Likewise, instability evidently grows with 
growing ice caps. Rapid large transgressions become possible 
through the storage of continental ice masses; such transgres- 
sions can cause rapid changes in albedo (water is dark; land is 
bright; see Table 3.2). 


TABLE 3.2 A lo Values of Ocean and Land Surfaces**'^ 


Annual global average: 14 
Ocean: 

low latitudes: 4-7 

mid-latitudes: 4-19 
high latitudes: 6-50 

Great lakes: 
min. (summer); 6 
max. (winter): 55 

Land: 

desert: 20-30 

grasslands, coniferous, and deciduous forests: 15 
wetlands: 10 

tropical rain forests: 7 
snow-covered land: 35-82 

Antarctic Continental Ice Cap: 85 
pack ice in water: 40-55 


^Reflectivity in percent of incident light, during noon. 
^Source: Compilation of Hummel and Reck, 1978. 
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The buildup of continental ice causes overall regression and 
may, itself, be a consequt^nce of regression (Hamilton, 
1968)— a prime example of pc^tive feedback. Regression, 
besides leading to increased albedo, may create other sources 
of instability' in addition to snow and ice, as we shall see. 

The most striking feature of the Plristocene record — the di- 
mate cydes thriven by the Milankovitch mechanism— reveals 
the activity' of strong positive feedback (Kukla, 1975; Suarez 
and Hdd, 1979). Parts oi the pre-Pleistocene record diow 
cydes also, but generally of a much smaller amplitude. We 
must assume that before the Ice Age the lack of strong albedo 
feedback allowed negative feedback to hold sway in dampen- 
ing dimatic fluctuations. Negative f^badc, of course, ulti- 
matdy provides the dimatic stability that allowed life to exist 
on Earth for billions of years. However, negative feedback typ- 
ically has substantial time lags, which presumably are of the 
same order as the leads and lags between various dimatic in- 
dices, as wdl as the dimatic response times. In the Pldstocene 
such lags are of the ord^ of 5000-10,000 years (Moore tt al,, 
1977; Imbrie and Imbrie, 1980). Thus, when strong positive 
feedback exists, large dimatic excursions can devdop bdore 
the system brakes itsdf . 

To study the various ways in whidi sea4evd fluctuations 
produce (and interact with) trends, cycles, and e ents and the 
roles of positive and negative feedback in amplifying and 
dampening dimatic input functions would appear to be the 
most diallenging Xasks of paleodimatologv'. We are sldUl at the 
beginning of meeting this diallenge. Corrdations of various 
dimatic, geochemical, and evolutionary' signals with sea-lev'el 
fluctuations have been suggested (Fisdier and Arthur, 1977), 
but the linking mechanisms remain obscure. Quantitative 
analysis of pre-Pleistocene climatic trends has been attempted 
(Donn and Shaw, 1977) but without consideration of feed- 
back. The most advanced studies are those modeling the di- 
matic conditions of the last glacial (Cates, 1976a, 1976b; 
Manabe and Hahn, 1977) and those that extract frequencies 
and phase shifts from Pldstocene deep-sea records (Hays et aL, 
1976; Pisias, 1976; Moore et aLy 1977). The modeling of di- 
matic conditions is not the same as the modeling of climatic 
change. The extraction of frequencies is of prime importance 
for finding the input functions, but it leaves open the question 


of internal feedback. Thus, the most intriguing mystery of the 
ice ages— how dimate can dmnge so fast— remains unresdved. 

Phase shifts between diff^rmit dimate-rdated signals are 
potentially revealing as far as cause-and-effect chains, mudi as 
one would expect from the analysis of time segments of rapid 
diange. However, (1) shifts may differ between various types 
of dimate excursions, so that the result of a bulk analysis ex- 
tending ovn* a long period may be misleading; and (2) riiifts 
between signals may be produced artifidally through mixing 
processes in the record as a result of changes in the conomtra- 
tion of the signal carriers (Hutson, 1980). 

Tl^re can be little doubt that the various tasks of paleodi- 
matology would be greatly fadlitated if we had a detailed 
record of a number of dimatic steps and some id^ about the 
processes associated with them. Before going any further, 
however, we must a;^ whether suitable steps exist at all. 


THE REALITY OF STEPS 

The reality of rapid dimatic change was first demonstrated by 
Emiliani (1955) thimi^ oxygen isotope stratigraphy of long 
continuous deep-sea records. These records provide the strong- 
est support for the Milankovitch mechanism of Pleistocene di- 
matic fluctuations (Figure 3.1). Geomagnetic dating of an iso- 
tope stratigraphy in the western equatorial Padfle (Shackleton 
and Opdyke, 1973) established the chronology that allowed 
the correct identifleation of the periodicities involved (Hays et 
ahy 1976; Pisias, 1976). The isotope fluctuations, of course, are 
not a direct representation of an irradiation curve but the 
result of a convolution of radiation input with climatic feed- 
back mechanisms involving ocean, atmosphere, snow cover, 
ice cover, and vegetation. \Vhen studying the curves generated 
by Emiliani (1955, 1966) and by Shackleton and Opdyke 
(1973, 1976) we note a striking phenomenon, important espe- 
cially for the survival of hi^er organisms. The fluctuations 
never go beyond a certain maximum value on either side of the 
range (see Figure 3.1). Obviously, there is a limit to warming: 
radiation of heat into spare increases approximately as the 
fourth power of the Earth s surface temperature (the Stefan- 
Bolumann law). The rapid rise of backradiation with increas- 



FIGURE 3.1 Composite 6*^0 curve of Emiliani (1978), showing sawtooth pattern and well-defined limits of 6**^0 maxima and minima. The rapid 
change after most maxima suggests attainment of a critical setting (interpreted as a buildup of sufficiently large transient reservoirs) and a 
“runaway** effect once melting reaches some critical rate (interpreted as reservoir collapse). 
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ing temperature constitutes efficient negative feedback. But 
what negative fMhack is preventing continued cooling? Why 
does not the Earth cover itself wi^ ice? Once ice spreads, 
albecb increases. Thus, less and less of the incoming radiation 
is retained for heating the Earth’s surface — ice becomes the 
stal^e phase over large:' and larger areas. Yet, the Earth does 
not become white but remains blue and brown. 

One type of negative feedback that has been invoked to pre- 
vent total glaciation is the decrease of moisture transport that 
accompanies a general lowering of tonparatures (cc^d air can* 
not hold much water) and a covering up of the sea surface in 
high latitudes with pack ice (Emiliani, 1978). Also, migration 
of the polar front toward mid-latitudes prevents moist troimsal 
air from reaching the original centers of ^adal growth. The 
glaciers in hi^ latitudes would ’’starve” undor siKdi condi- 
tions. But would they disappear? And would gladers not con- 
tinue to grow in mid-latitudes? 

The question of negative feedback, whidi prevents the 
Earth from icing over, is open. One important factor, proba- 
bly, is the removal of positive albedo feedback from falling sea 
levd. Once the sea levd falls to the shelf edge, a further drop 
does iK)t result in mud) decrease of ocean surface; thus the 
albedo stabilizes. 

We rrow turn to the third important feature of the oxygra 
isotope record. Gladal maxima are followed, almost inevita- 
l^y, by glacial minima, and the transitions are extremely 
rapid. The phenomenon was emphasized ^y Broecker and van 
Donk (1970), who called the transitions ”tenninations” and 
gave them numbers. They also coined the term “sawtooth” 
pattern to characterize the alternations between rapid de^ad- 
ations and more gradual (but fluctuating) buildup of ice. 

The smoothing activity of bioturbation on the seafloor is 
such that a change of the rapidity suggested by the deep-sea 
record of Termination I or Termination II (11,000 and 
127,000 yr ago, respectively) is extremely difficult to envisage. 

Both an instantaneous flip-over from one climatic state to die 
next (Peng da/, 1977) and an overshoot phenomenon (Berger 
etal.y 1977; Berger, 1978) have been suggested to account for 
this difficulty. If bioturbation worked then as it does today, 
almost any physically reasonable transition should be more 
gentle than that observed. 

One px)ssibilit) i' vhat we are looking at a hiatus in sedimen- 
tation. A gap in tiie recording would juxtapose different stages o 
in history. If we entertain this notion of a gap, we are then 
faced with the necejsity of providing a short event, an impulse, ^ 

that produces nondeposition or erosion at the correct time. o 

Thus the question of rapid change within the system would 
return, having merely been shifted from paleoclimatology to 
geochemistry. It is true that cessation (or great reduction) of 
bioturbation also would help; the problem might then be 
shifted to deep-sea biology. However, such shifting of responsi- 
bility does not come to grips with the central problem: that the 
system is changing rapidly and that this has consequences for 
the circulation of the ocean and atmosphere as well as for their 
chemical composition, and hence for climate and evolution. 

What is the importance of the deglaciation event, other than 
demonstrating the existence of rapid climatic change, or cli- 


mate steps? Can we learn something about climate steps in 
general, even tiiough physical mechanisms may vary wkkly? 

We may assume that a sy^^ in rapid transition cannot in 
any way be thou^t of as bdng intmnediate betwemi die pre- 
vious and the subsequent state. The best siqpport for this propo- 
sition again comes from the study of Pleistocene deep-sea sedi- 
me nt s , dns time from a reg ion where high s e dlm e nt atloR rates 
allow a detailed look at Termination I, namely, the Golf of 
Madco (Kennett and Shaddeton, 1975; Emiliani et oi., 1975). 
The oxygen isotope records of idanktonk foramintfora show a 
marked omursion toward li^t values at die mid a rapid (but 
a{^[)aiendy pulsating) rise hrom the ^adal maximum (Figure 
3.2). The curves, in fact, look much like the standard amjdi- 
ttuie-versus-time response plots in the texdwoks of systems 
analysis, familiar to students of medumical and dectrical av 
gineering. In principle, such {dots describe the re^nse of a 
system to a st^ in{>ut. Hie steqmess of the transition from one 
state to the next is a measure for the saisidvity of the system, as 
is the amount of overdioot (Figure 3.3). Essentially we see here 
die re^t of the com{)etidon betweai negative feedb^dc, 
which dows the transition, and positive feedback, whkh 
celarates it and builds up the overshoot. The overdicxit is char- 
acterized by bdng short-lived and by preceding anc^har {laiod 
that mimics the original state, i.e., a kiiKl of undadioot. To 
prodtme this rebound, positive feedback is active in revarse. 
More osdllations can thai follow, d^iending on the ^rength 
(or weakness) of the dam{>ening processes in the sy^em. 

Let us, for the sake of argument, aoc^t die pro{x>sed anal- 
ogy between the oxygen isotofie record of the Gulf of Mexico 
and a two-phase step response (Figure 3.4). Have we thereby 
done any more than Introduce some terms from systems analy- 
sis to the description of a set of phenomena, without a net in- 
crease in knowledge or understanding? 


Hha )2ka 



FIGURE 3.2 Oxygen isotope record of the last glaciation in the Gulf 
of Mexico by Kennett and Shackleton (1975), as dated by correlation 
with a similar (^^C-controlled) record of Emiliani et al, (1975). 
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FIGURE 3.3 Sketch of three types of response to a ^tep input in a 
two-dimensional system. 


On contrary, I suggest that we have now changed the 
mode of attadc on the problem. Recall that the Gulf of Mexico 
isotope anomalies were originally interpreted by didr discov- 
&&S as indicating an unusual influx of meltwato from the dis- 
integrating Laurentian Ice Sheet (Kennett and Shackletcn, 
1975; Emiliani et al., 1975). According to these authors the 
low ratio in the meltwater produced the anomaly, 

after mixing with the seawater of the Gulf. Ensuing discussions 
aoo^ted the «qilanation (which appeared reasoi .ble) but 
qiwstioned Emiliani’s date of 11,500 yr ago because it did 
not agree with ev; -ence on land, regarding the course and the 
timing of meltwater flow. In fact, these discussions may have 
missed the point. The meltwater influx could have been at a 
maximum well before the isotope anomaly. The rapid change 
in the isotope signal that precedes the anomaly is as much wit- 
ness to the rapid introduction of meltwater as is the anomaly it- 
sdf. We cannot dismiss the possibility that the difference in 
5 between the upper waters of the Gulf and the global ocean 

was just as great during this period, which corresponds to the 
“ramp” of the signal, as during the anomaly itself. Thus, an ex- 
clusive focus on the anomaly is not the right approach: the 
anomaly and the ramp belong together, just as die step-func- 
tion analogy would suggest. Evidently, the anomaly might be 
expected at the end of the rapid change, whether or not the flux 
of the Mississippi River increased at anomaly time. Thus, a 
purely formal consideration— seeing the record as a step 
response— changes the argument considerably. 


THE SE.^RCH FOR POSITIVE FEEDBACK 

The questions that arise within the step-function analogy are 
quite general: What physical processes limit the rate of transi- 
tion from glacial to postglacial values? Is the grad*>nt of 5 ^®0 
versus time steeper in the Gulf than outside of it s there an 
overshoot phenomenon outside the Gulf also? If so, can we 
identify positive feedback mechanisms that could produce it? 
What is the nature of the “rebound” following the anomaly? If 


it has the structure of a pendulum swing, why is the period near 
2000 yr? And which are the reservoirs of disequilibrium diat 
pass the equivalent of kinetic ami potential ^rgy between 
than? We cannot answer these questions at present. However, 
we might usefully consider where to begin die search. 

In the present case, naturally, the most obvious candidates 
for physical processes providing positive feedback are those 
having to do with the mddng of ice. The melting takes l^t, 
and there is a limit to the rate at which heat can be trar^ioited 
to the site of melting. Incidentally, if much of the heat comes in 
the form of rain, the run' ff will be a .nixture of rain and melt- 
water and its oxy^n isotope composition will be somewher ' 
between that of rain and facial ice. To get positive feecttiack, 
we must ask that the meldng, once started at some minimum 
rate, enhance further melting. For example, increased local 
absorption of radiation by exhumed debris on top of ^adal ice 
could i^p. The effect would seem insufficient, however, be- 
cause it can be removed quickly by snow cover. Continuing vig- 
orous heat transfer from the tropics would appear necessary. 

How can strong initial melting change the heat budget of the 
entire system in favor of its continuation? Mdtwater does 
mainly two things: it raises sea level, and it decreases the salin- 
ity of the ocean. A sea-level rise decreases the albedo: as the 
ocean surface expands, absorption increases and more of the 
Sun's radiation is used to heat the Earth's surface. A rise in sea 
levd can also, presumably, destabilize those parts of the ^adal 
ice that rest on shelf and can be floated (J. T. Andrews, Univer- 
rity of Colorack), personal communication, 1979). CoiKdva- 
bly such floating could favor the occurrence of ice surges of the 
type envisaged by Wilson and others (Wilson, 1964, 1969; Hol- 
lin, 1972; Flohn, 1974), which would accelerate the rise of sea 
level. (In the ice-surge hypothesis, the focus is on the attendant 
increase in albedo and cooling, however.) 



l%c. 


FIGURE 3.4 The Gulf of Mexico record (Figure 3.2) interpreted as a 
response of a two-dimensional system to a couplet of step inputs. 
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Assimilation of the freshwater into the ocean takes time. The 
time constant of mixing is nonnegligible, being of the order of 
1000 yr in the presert ocean. The rate depends on tw'o factors: 
the strength of the mixing drive and the vertical stability of the 
water column. Mixing is both wind- and densit>'-driven and is 
therefore cicely tied to temperature gradients and salinit)' 
patterns. Stability depends on the density profile, and is like- 
W'ise tied to temperature and salinity' distributions. The rela- 
tionshi|)s are such that an increase in the forces responsible for 
mixing, whidi are derived largely from the planetary tempera- 
ture gradient, also leads to an increase in the opposing stabil- 
ity' — mixing rate is resistant to change. However, the introduc- 
tion of meltwater can change this situation, as it is much 
lighter than seawater and tends to float. A low-density' surface 
layer does not prevent mixing by current shear and eddies 
through w ind, but it can potentially interfere with deep- and 
bottom- w'ater production. 

In theory, there is some range of the rate of introduction of 
meltwater where there is essentially no effect on mixing. At the 
upper jnd of this range there must be a critical point, where the 
late of influx begins to exceed the ability of the ocean to assimi- 
late the added freshwater at the given rate of mixing. At this 
point the mixing rate must slow. The questions are, what is the 
critical input rate, and was it ever reached during deglacia- 
tion? The first question can be attached by modding; the sec- 
ond must be read from the record, for example, through com- 
parison of stable isotope stratigraphies of deep-sea benthic and 
planktonic foraminifera. 

Let us assume that the critical influx is indeed reached, and 
mixing slows. At this point the system changes its mode of oper- 
ating. Because mixing has now slowed, the value for the criti- 
cal rate of influx will begin to fall. The system develops a strong 
positive feedback by building up stable stratification, with a 
halocline at the bottom of the wind-mixed layer in the broad 
sense, say, between 500 and 1000 m. Furthermore, the ocean 
will now “remember” this condition for ome time, in fact, for 
about 1000 yr or so. The value for ihe critical rate of influx will 
be lowered during this entire period, rising but slowly to its 
original level. 

The point of the discussion is this; if early in deglaciation 
there is a strong pulse of meltwater influx, stable stratification 
can be maintained through a series of lesser pulses later. There 
is in fact evidence that sea level rose in pulses (Fairbridge, 
1961; Morner, 1975), but the matter is still under discussion. 

Meltwater influx, then, can conceivably set into motion a 
strong nonlinear positive feedback mechanism, which goes 
beyond albedo decrease from ocean-area expansion and which 
involves the development of a low-salinity layer of the type 
suggested by Worthington (1968). But how can this potential 
for feedback be translated into an energy budget favorable for 
melting? 

These questions call for some rigorous modeling; at present, 
we can only guess what a low-salinity lid on the ocean would 
do to the climate. Presumably, a lack of communication with 
cold deep waters would allow low-latitude waters to heat up 
considerably, enhancing the meridional temperature gradient 
and hence the heat transport t > higher latitudes. Also, the tem- 
porary decoupling of three fourti:s of the ocean mass from the 


heat budget should increase climatic instability: the inertia of 
the system is decreased. If true, this would favor delivery' of 
meltwater in pulses, thus maintaining instability. 

While seeking strong positive feedback, we discovered a 
source of instability that can, once activitated, devdop feed- 
back for instability' itself. Within the unstable system, small 
changes in input (e.g., from the Sun*s radiation) can be trans- 
lated into larger climatic fluctuations. We have here one way 
to produce the rapid changes in climate that characterize the 
transition from glacial to post^acial time. 

Is the development of instability typical for fast climate 
transitions? Are there nonglacial climate-changing mecha- 
nisms analogous to the melting of ice? If yes, analogous in 
which sense? 


THE PHENOMENON OF RESERVOIR 
COLLAPSE 

Glacial ice may be seen as a transient reservoir of water, out- 
side the main ocean basin, which, when reunited with the 
o< ^n, suddenly raises sea level with all the attendant effects on 
climate through a decrease in albedo and an increase of supply 
of moisture to the atmosphere. We can view the melting of ice 
caps as a “reservoir collapse” that feeds on itself once destruc- 
tion proceeds at a minimum rate. Glacial ice is a reservoir of 
freshwater, hence the potential for additional complications. 
Can we envisage other types of transient reservoirs? Perhaps 
so. Several other possibilities are shown in Figure 3.5. The 
most obvious transient reservoirs are adjunct ocean basins and 
marginal seas. 

A reservoir of glacial ice is analogous to a reservoir of water 
in an isolated basin. If the basin can run dry, as the Mediterra- 
nean did at 5 Ma (Hsii et aL, 1977), the analogy is almost per- 
fect. We can produce, through alternating emptying and fill- 
ing of such a basin, rapid transgressions and regressions. The 
volume of the Mediterranean Sea, for example, would have 
allowed almost instantaneous changes in sea level of near 10 m 
in the Messinian, whereas that of the South Atlantic might 
have allowed changes of about 50 m in the Aptian (Berger and 
Winterer, 1974). If such changes occurred, we should see them 
both in the deep-sea record and on the shelves. We also should 
expect substantial evidence for climatic instability. On the one 
hand, emptying a marginal sea can affect albedo over a large 
area — including not only the basin itself but also the hinter- 
land around it, which depends on moisture from the basin to 
maintain its vegetation. On the other hand, rapid transgres- 
.nons and regressions have their own global effects on albedo 
and moisture distribution. 

The potential for the existence of isolated basins is quite 
large since the breakup of Pangaea. Salt deposits a^ ocean mar- 
gins, e.g., around tfje Atlantic (Emery, 1977), suggest that 
large Isolated basins existed at various times in the Mesozoic 
and in the late Paleozoic. If such basins did indeed exist, we 
should see the evidence in the global correlation of fast sea- 
level fluctuations during certain periods. 

Isolated basins can provide separate transient reservoirs of 
water, but they can also provide reservoirs of water of low or 
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I’KiUHK 3.5 Dia^raininatic rt^pri*M*nta- 
tion of sourc*es of instability. Kxtcrnal: Sun 
and inanlk* pr<Kt.*s.si^ (1.2). (Kti*dback from 
ict* ^^owth and dfcay on rnantli* prcKi^ses 
cannot be excluded, however.) Internal: 
traiLsierit rest*rvoir.s of ){ux.‘beinical energ\ ; 3 
to 5. marginal si'as w ith iiniLsually .saline 
w aters or frtshw aters; (i, continental ice 
mas.ses; 7. adjunct (xvan ba.sins with .salinity 
deviations; 8. easily erodabk shelf car- 
bonates, carbon de|X)sits. and phos])hatic 
sediments; 9. ‘‘st)ir’ carlx)ri acves.sible to fast 
er ion; 10, man's activity (indastrial (.'O 2 , 
disforestation, accelerated eio.siun). The 
transient reservoirs 3 to 7 both innuenc*e and 
res|xmd to sea level variation, the reservoirs 
8 and 9 collapse durin^^ regression. Source 10 
may eventually respond to negative feed- 
back from climatic change. 


high salinity. Injection of such waters, presumably occurring 
rejKatedly during periods of critical isolation, could have had 
a profound influence on the histor> of evolution of climate and 
life (Gartner and Keany, 1978; Thierstein and Berger, 1978: 
Berger and Thierstein. 1979). More generally, the existence of 
semi-isolated reservoirs of brackish or sujwrsaline water is a 
.‘.ource of instability whose scale is tied to the size of the reser- 
\ lir, the degree of deviation of salinity from the global aver- 
age, and the potential flux exchange 

There are, even today, two large reservoirs that are almost 
isolated and that could become much more so with a drop of 
s^*a level of bet\\ een 100 and 200 m: the Mediterranean Sea and 
the Arctic Ocean. The Mediterranean is anomalously salty and 
plays an important role in the deep circulation of the Atlantic 
Ocean. The hi.story of the Xiediterranean outflow may be 
closely tiixl to that of North Atlantic bottom-water production 
(Reid. 1979). Deep circulation in the MedittTranean appar- 
ently reversed its direction in the earliest Holoc*ene because of 
an increased supply of freshwater (Kulh*nlK*rg, 1952; Williams 
cl al . , 1978), which removed one s(Mirct‘ of hea . y deep w ater in 
the North Atlantic. The effects (if any) on the deep circulation 
have not been modeled; I .su.s|X‘ct they were substantial. The 
Arctic Ocean has unusually low .salinities in its siirfacx* w aters. 
Its connection with the world ocean is .somewhat tenuous; at 
least one gt‘ologist suggests that it w as .severed entirely during 
glaciation (M. Vigdorchik, INSTAAR, jx-rsonal communica- 
tion, 1978). If, as exjx*ctixl. the connection Ixtw een the Arctic 
and Pacific Oc*eans w as cut off during glacials, and that Ix- 
tw i.eri the A retie and Atlantic Oceans w as greatly r(*duced, the 
Arctic Ocean might liave collected bracki.sh w ater throughout. 
Thus, w hen sea lesel first rose, low-.salinity water from the 
Arctic Ocean c*ould have helped to start off the cleglaciation 
feedback chain po.stulatc^ earlier. 


The de\ elopment of transient-water reservoirs and hence of 
a potential for strong climatic instability is not necessarily re- 
stricted to the time since the breakup of Pangaea. In earlier 
times back-arc ba.sins might have provided transient reservoirs 
under favorable conditions. Again there is a recent analog: the 
Pleistocene record of the Japan Sea cx)ntain'^ layers with brack- 
ish-water diatoms, suggesting substantial isolation (Burckle 
and Akiba, 1978). 

Although the occurrence of transient- water reservoirs is a 
fact, the effect of such reservoirs on climate is virtually uastud- 
ied. The reservoirs are part of the h\drological cycle; they 
build up energ>’ w ithin this c\cle, which might be released all 
at onc-e, w ith (iuasi-cata.strophic consec|ucnces. Are there other 
geochemical cycles for which this might also be true? 


TRANSIENT CARBON RESERVOIRS 

The carlxin cycle Ls another obvioiLS candidate for the presence 
of traasient reservoirs. The phosphorus cycle also is a likeh' 
choice (Arthur and jenkyns, 1980), as is the sulfur cycle (Hol- 
ser, 1977). That the carbon cycle is intimately connected to cli- 
matic change is obvious from an o*. erall parallelism of carbon 
ksotojx fluctiiatioas with oxygen isotope fluctuations in the 
deep-.sea record on various scales (Broecker, 1973; Berger. 
1977b; Fi.scher and Arthur, 1977; Shackleton, 1977). 

Various mc'chanisms have Ixen projxxscnJ through w hich the 
linkage* c*ould be achieved. Long-term fluctuations in the ratio 
of to in carbonates were a.sc*ril)ed by Tappan (1968) to 
variations in the accumulation rate of organic carlx)n. This 
idea has .since Inxm elalxrated on in .siweral guises. Rapid fluc- 
tuations in in the Plei.sto.'ene were relatc*d b\ Shackleton 
(1977) to the buildup and destruction of tropical rain forests. 
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which reprt ?nt a substantial part of the biosphere. We can ex- 
tend this idea to include the carbon of extratropical forests, 
marshes and swamps, peat and “soil carbon” in shelf and 
coastal deposits (all readily available for <kcay or erosion) in a 
pool of “transient carbon”; short-term variations in the size of 
this reservoir should have dff^s on the chemistry of the ocean 
and on \im CO 2 content of the adno^here (Figure d*5). Direct 
evidence for changes in pC 02 , from facial to postglacial time, 
was rec«idy reported from ice cores (Delmas et a/., 1980). 

Ther^ is little question that the size of the transient carbon 
reservoir must have varied considerably during the Pleisto- 
cene. Apparently, the last glacial maximtun was dry, deserts 
bdng widespread and the tropical rain forests being greatly 
reduced (Sarnthein, 1978). In contrast, the early Holocene was 
a wet period over large areas; the reversal of the deep circula- 
tion in the Mediterranean is part of this phenomenon. During 
the transition from the dry gladal to the wet Climatic Opti- 
mum, the transient carbon reservoir was affected both by the 
buildup of the biosphere (essentially forests) and the erosion of 
soil carbon. The buildup extracts carbon from the ocean-atmo- 
sphere system; the erosion delivers carbon to it. If these pro- 
cesses fluctuate, with a phase shift near 180^, there may be a 
remarkable potential for introducing climatic instability via 
variation of the CO 2 content of the atmosphere. That the car- 
bon chemistry of the ocean underwent major changes during 
deglaciation is clear from large vertical excursions of carbon- 
ate preservation leveb on the seafloor, during a short period 
(Berger, 1977a). If stable stradBcadon developed during de- 
glaciation, the exchange of CO 2 between ocean and atmo- 
sphere must have been severely affected (Worthington, 1968). 

How do these observations and speculations bear on pre- 
Pleistocene climates? Evidently, the waxing and wanik«g ice 
caps is a sufficient but not a necessary condition for producing 
fluctuations in the transient carbon reservoir. Any mechanism 
producing fluctuations in sea-level and dry-wet cycles will do. 

Of special interest is the possibility that the size of the tran- 
sient carbon reservoir can be greatly increased if the deep 
ocean provides temporar>' carbon storage through changes in 
mixing time and oxygenation of the deep sea. Reactive organic 
carbon can accumulate on a poorly oxygenated seafloor and 
can be redelivered to the system on Improvement of aeration. 
Opportunities for instability and for rapid climatic change 
might arise from the presence of such a marine transient car- 
bon reservoir. For example, small radiation input cycles, lead- 
ing to slight fluctuations in the oxygenation of various parts of 
the ocean via pulsating production of deep and bottom waters, 
could then translate into a pulsating supply of CO 2 from the 
ocean to the atmosphere. The existence of oxygenation cycles 
in Mesozoic and early Tertiary deep-sea sediments is of interest 
in this connection (Dean et u/., 1978). 


OVERSHOOT AND REBOUND 

Earlier, when discussing the nature of steps, we have seen that 
a step input can produce an overshoot and a rebound toward 
the original condition. In the case of degladation, the period 
known as “Allerdd” apparently was an overshoot and the 


“Younger Dryas” was a rebound. Having identified two com- 
ponents of the climate syst^ that can store disequilibrium— 
the hydrosphere and fht active carbon sphere— It is now in 
priiK^iple possible to construct a two-dimensional oscillating 
system. In such a system the disequilibrium is passed bade and 
forth from one compartment to the other; the rate of tran^ 
determines the periodicity of the oscittation. 

In our deglaciation example, stable stratification (a “mdt- 
water lid”) might lead to CO 2 buildup in the de^ sea (Worth- 
ington, 1968), which leads to CO 2 in the atmc»|d^ and 
hence cooling. Release of the (feep-stored CO 2 after mixing 
could then increase the CO 2 content of the atmosphere and 
produce warming. The C02-induced cooling and warming, of 
course, would feed back into meltwater pulsing. An oscillation 
period of 2000 to 3000 yr would seem reasonable, in view of a 
1000-yr mixing time for the normal ocean. Incidentally, the 
CO 2 fluctuation hypothesis agrees well with the COe-concen- 
tration record report ffom Antarctic ice (Ddmas el of. , 1980V 

In a recent study of oxygen and carbon isotope variations in 
the late Miocene focusing on the Magnetic Epoch-6 Carbon 
Shift, Vincent et aL (1980) presented evidence for a step fol- 
lowed by increased fluctuations in climatic signals (Figure 
3.6). One is tempted to identify an overshoot and a rebouid in 
the carbon isotope stratigraphy, following the step at 6.2 Ma. 
The wavdength of such an oscillation would be several hun- 
dred thousand years. However, it is difficult in this instance to 
separate possible oscillations from a general increase in insta- 
bility that was presumably introduced by the factor causing 
the step. If regression and the isolation of the Mediterranean 
was a crucial factor in producing the signal, this creation of a 
transient reservoir would likewise be expected to increase cli- 
matic instability. In any case, one would like to see a closer 
spacing of samples, because the typical frequencies of climatic 
fluctuations— whether they be oscillations or not— should 
contain clues to the responsivene^ of the transient reservoirs 
involved. Unfortunately, the quality of the cores traditionally 
recovered by the Glotnar Challenger sets severe limits for 
stratigraphic resolution. The new method of hydraulic piston 
coring removes this obstacle and offers a better definition of 
climatic fluctuations; this tool should be used to full advantage. 


SUMMARY AND CONCLUSIONS 

The deep-sea record provides a number of stratigraphic inter- 
vals showing a rapid transition from one climatic-geochemical 
state to another. These intervals provide an opportunity to 
study the dynamics of the ocean-atmosphere system on a scale 
from 10^ to JO® yr. Step-function analysis provides useful con- 
cepts for the study of such transitions, as can be readily demon- 
strated using the last “termination” event in the Pleistocene 
record. There is an intriguing possibility that a system in tran- 
sition oscillates, because of the passing of geochemical “dis- 
equilibrium energy” from one transient reservoir to another, 
analogous to mechanical systems (potential versus kinetic 
energy) and electric circuits (magnetic versus electric fields). 
In a glaciated world, the likely candidates for transient reser- 
voirs are ice caps and temporary carbon pools in forests and 
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9oib and on shallow seafloors. Geologic periods asociated 
with strong positive feedback in the system (variable snow- 
cover) and with a large tran^ent reservoir potential (ice caps, 
semi-isolatcd baidtis, reiKrtive terrestrial and marine soil car- 
bon and biocarbon) are diaracterized by climatic instability. 
The breakup of Pangaea and the subsequent disp^on d con- 
tinents and creation of semi-isolated ocean basia** must have 
produced constellation!; of instability at various stages in the 
evolution of present-day geography. One fype of evi^nce for 
such congelations is in the salt deposits of contii^ntal 
mar^ns. 

From an operational point of system analysis suggests 
an approach that considers tne following qi^stions wh^ 
studying climate (1) Climate step or hiatus? (2) Stron^y 
or wealdy damped? (3) Overshoot and rebound present? (4) 
External cause (astronomy, tectonics)? (5) Nature of internal 
feedback? (6) Likelihood of transient reservoir collapse? (7) 
Nature of di^uilibrium oscillations? Even tentative answers 
to such questions should lead to fruitful working hypotheses 
regarding climatic change over geologic time spans. The con- 
cept of interacting transient reservoirs suggests that climatic 
systems are not strictly deterministic, that is, they are “almost- 
intrandtive** (Lorenz, 1968) even over long periods of time. 
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INTRODUCTION 

The diemical-biogenij sediments deposited in marii% settings 
act 3S a major buxfar for ^ologically short-term and long- 
term excursons in atmospheric and ocean diemistry, par- 
ticularly those of the gases CO 2 and 0£. The chemical and 
staUe isotopic composition of the diemi al-biog^c sedi- 
ments also reflects to some extent the chemistry of the seawater 
from which the sediments were precipitated. Therefore, the 
marine sedimentary record can be studied to obtain a record 
of the chemical history of seawater. This record can be com- 
pared to dianges in other phenomena such as sea level, posi- 
tions of land masses, tectoriic events, and particularly climate 
(e.g., Fischer and Arthur, 1977; Berger, 1977, 1979; Berggren 
and Hollister, 1977). 

A common assumption in studies of geochemical cycles is 
that the ocean reservoir maintains a relativdy constant com- 
position (chemical uniformity as opposed to a chemical '‘^eady 
state with respect to equilibria) through time Although this is 
a sometimes necessary and simplifying assumption, in Ih^* Vi>- 
sence of data to the contrary, it is in reality not too satisfac- 
tory. There is undoubtedly a complex interplay among utmo- 


q^ieric composition, dimate, continental weathering, and the 
rivmne flux o( dissolved diemical spedes to the oceans. In 
turn, these factors iafluenoe or are irduenoed by change in 
rates and medianisms of ocean drculation and by changes ii4 
biological ami nonbiological extraction and storage of chem- 
ical constituents in marine sedimmits. The chemical loops just 
described are to various degrees interdepend^t. Major per- 
turbations in one flux into, or out of, the system, because of 
dimatic or tectonic fordng (induding rdative changes in sea 
levd), will spread to the others through a series of feedback 
medianisms. The marine sedimentary record— changes in 
lithology. , chemistry, stable isotopic composidon, and the bi- 
odc consdtuents of pelagic sediments — is a monitor of changes 
in ocean chemistry, and through consideradon of the feedback 
mechanism one can deduce possible variadons in global di- 
mate. The extent to which we can recognize these variadons 
and their causes or effects is dependent on the completeness of 
the sedimentary and fossil record, on a stradgraphic frame- 
work and absolu^e-dme scale adequate for correladons and es- 
timation of the leads and lags in the system, and on the geo- 
chemical tools that we have available to us. 

The purpewe of this chapter is to outline briefly the role of 
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FIGURE 4. 1 Main dement of the ftlobai 
carbon cyde (from SchoUe and Arthur, 1980; 
see Tables 4.2 and 4.3 for mass of carbon 
fluxes bet^'een res»voirs and carbon 
isotopic compoations). 
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ocean diemistry, mainly through its participation in the car- 
bon c\^c!e (Figure 4.1) in buffering dianges in pCOg ami con- 
sequent changes in dimate. The discussion deals first with the 
extent of possilde excursions in atmospheric PCO 2 and thdr 
causes, the operation of the geologic carbon cyde, and the 
feedbadc nwdianisms that appear to hdp damp pCO£ fluctu- 
ations (i.e., long- and short-term buffers); then briefly with 
the record of Cenozoic paleo-oceanography and dimate and 
the possible influence of pCO> dianges; and Anally with 
geologically sudden events, sirch as the isolation and evapora- 
tion of an ocean basin and their possible influence on global 
dimate. 

CARBON DIOXIDE AND CLIMATE CHANGE 

It has been difficult to detect any dimatic effect of the in- 
creased atmospheric CO 2 over the last several decades due to 
burning of fosril fuds, largely because the predicted effects are 
within the limits of natural dimatic noise (e.g., see Madden 
and Ramanathan, 1980). However, a C 02 -greenhouse effect 
is expected, and various dimatic models have been con- 
structed to estimate the magnitude of dimatic warming asso- 
dated with excursions in atmospheric PCO 2 (see Maria nd and 
Rotty, 1979; NRC Climate Researdi Board, 1979, for recent 
re\iews). The commonly accepted range for the average global- 
temperature rise associated with a doubling of atmorpheric 
PCO 2 is about 1.5-3.0'^C, although estimates of 0.7-9.6°C 
have been published. The major problem of determining the 
potential magnitude of the eflect by dim 3 modeling is that 
feedback mechanisms, such as changes in doudiness and asso- 
ciated albedo changes, may be improperly modeled. Manabe 
and Wetherald (1975, 1980), for example, used a sophisticated 
three-dimensional general -circulation model, but in their 
early model the degree of cloudiness was fixed, topography 
was idealized, npH there was no seasonal variation imposed. 
For doubling of atmospheric CO 2 they predicted a 2.9°C in- 
crease in global-mean surface temperatures (greater at high 
latitudes) and an increase in evaporation-precipitaticn. 

These models would not apply well to the Cretaceous or ear- 
ly Cenozoic Earth, when continental configurations were dif- 


ferent, ^obal-mean temperatures were mudi higher, and the 
oceans were miK^ warmer overall. All in all, the ^ects of in- 
creasedpC 02 in the ^logic past are diflicult to estimate, but 
for the sake of discussion we will adopt a change of several 
degrees for a doubling of pCOg. This temperature dmnge 
may, of course, be grosdy in error, as there is still difficulty in 
discerning dimatic change because of variations in atmo- 
^l^ric CO 2 versus oth^ factors, sudi as changes in tlw lati- 
tudinal distribution of continents and thdr dfectson the di^- 
bution of albedo, on patterns of surface- ami de«^>-ocean cur- 
rents, or on both. These problems are briefly dealt with below 
after an examination of possible natural variations in atmo- 
spheric CO 2 . 


NATURAL SOURCES AND VARIABILITY 
OF CO 2 

We also must consider natural soiirces of CO 2 to the atmo- 
sphere. Berner et al, (1981) have demon^rated glacial-inter- 
gladal PCO 2 changes on the bads of changes in the COn gas 
pressure in ice. ThepC 02 apparently was lower during the last 
glacial. In this regard, Berger (Chapter 3) has discussed the 
diort-term (i.e. . 10,000 yr) sudden expulsion of CO 2 that could 
result from glacial-interglacial changes in the residence time of 
deep water. Sudden or more rapid overturn of **old” deep 
water that might occur during the transition from gladal to in- 
terglacial periods would inject large amounts of CO 2 into the 
atmosphere [10^^ to 10^® grams of carbon (g of C)]. At- 
mospheric CO 2 also can change as the result of dianges in over- 
all temperature and salinity (as well as volume) of seawater. 
Cooling, a decrease in salinity , or both increase the solubility of 
CO 2 in seawater and thereby reduce the pC 02 of the at- 
mosphere (Table 4.1), at least on the short term. The glacial to 
interglacial warming of surface water would have had nearly 
twice the effect that the salinity decrease would have had, such 
that the pC 02 changes from this cause would be minor. 
However, a change from warm, saline surface- and deep-ocean 
water in the Eocene to colder, less saline water masses in the 
Oligocene (Berger, 1977) may have resulted in a more impor- 
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tant atmos|^eric CO 2 decrease. Atmospheric CO 2 must also 
have varied during glacial-intergladal cydes because of the 
changes in terrestrial biomass and soil carbon (Shaddeton, 
1977). The increased oxidation of soil carbon or humus could 
provide a large source of CO 2 to the atmcisphere. Broecker 
(1981) recently suggested that burial of massive amounts of 
organic carbon in shelf sediments during sea-level rise follow- 
ing gladal retreat could also be a mechanism for rapid lower- 
ing of pC02 and removal of phosphate from the ocean. A 
PCO 2 increase would fo’* »w because organic carbon burial 
rate would then decrease. The buried organic carbon could be 
oxidized during mbsequcnt glacial lowering of sea levd, in 
sudi a way that phosphate and CO 2 are returned to the at- 
mo^f^re. Modds by Berger (Chapter 3), Shackleton (1977), 
and Broecker (1981) each are supported by variations in 5^^C 
of pelagic microfossUs. Currently, there is no available 
evidence to distinguidi between the effects of the three modds. 
These types of drort-term CO 2 pulses are not restricted to the 
Pldstocene, although they may ^ amplified at that time by the 
large cydic variation in dimate. We see evidence of similar 
possible exchanges of carbon dioxide and burial of organic mat- 
ter reflected in d^^C values of carbonate across 10^-yr cydes in 
the Cretaceous, for example (Figure 4.6). Could the intensity 
and rapidity of diange between glacial and intergladal cydes 
be, in part, controlled or reinforced by theseexdumgesof CO 2 
(Berger, Chapt^ 3; Broecker, 1981)? 

Oceanic fertility [the availability of phoqihorous and 
nitrogen (Figure 4.2)] also may have chang^ over time 
periods of 1-10 million years (m.y.). Decreased futility could 


drastically atico*^ the rate of burial of mariiw organic matter 
and the ability of the ocean system to absorb "^excess** at- 
mospheric CO 2 in this way. Atmo^heric CO 2 may have risen 
during low-fertility episodes (e.g., Tappan, 1968; Berger, 
1977). Conversdy, times of apparent hi^ fertility [»k4i as 
those during the deposition of large phosphate cfeposits (Ar- 
thur and Jenkyns, 1981)] would Ukdy result in decreased at- 
mospheric pC 02 because of increased burial of organic car- 
bon in marine sediments. 

Another possible major source of dianges in atmosf^ieric 
CO 2 is volcanism. Vogt (1972, 1979) and Kennett and Thunell 
(1975) have suggested a major periodidty in volcanism during 
the Cretaceous-Cenozoic. Could this t/eriodidty result in fliK> 
tuations of pC02 and changes in ^obal dimate? At present, it 
is estimated, and this is a difficult estimate to make, that 
degassing of the Earth throu^ volcanic emits 0.09 x 10^^ g 
of C/yr as CO 2 to the atmoq>here (Holland, 1978). This 
amount makes up a predicted d^dt caused by operation of 
the carbon cycle (see Table 4.2 and next section). A doubling 
of the rate of CO 2 degassing would double atmosj^ieric CO 2 
in about 10,000 yr if the CO 2 is not compensated for by other 
feedback mechanisms. This flux is about 50 times less than the 
rate of CO 2 adklition from the burning of fc^l fuels ov^ the 
past few decades. Thus, ov^ time periods of several million 
years, increased volcanic dssdwge could be important to di- 
mate. However, the major question here is whether the cool- 
ing effect of aerosols ejected into stratosjdiere during episodes 
of explosive volcanism would o^set the warming ef(d^ of in- 
creaxd pC02 (e.g., Polladc et al,^ 1976; PoUadc, 1979). 


TABLE 4 . 1 Estimated Flux Rate, Mass, and Isotopic Changes in the Ocean during 
CO 2 Transfers® 


Type of Flux 

Rate and/or Amount of 
Carbon Transferred 
(Duration)* 

A 6 *®C Ocean 

(Total Dissolved Carbon)* 

Volcanic CO 2 addition 

0.8 X 10'^gofC/>T 

-1 (for -6 X 10 '* g 

(doubling of estimated 

(over 8 x 10** yr) 

of C addition) 

steady-state degassing rate) 



Oxidation of soil carbon 

5.0 X 10*^ g of c/yr 

-1 %«(for -1.5 X I0'» 

(or burning of fossil fuds) 

(over 3 x 10® yr) 

g of C addition) 

Net transfer of ocean TDC 

3.0 X 10*^gofC/yr 

+ 1 %c (for 1.5 X 10*® g 

marine organic carbon 

(ov?r5 X 10® yr) 

of C depletion) 

burial 

(< 4 . 3 % o(oce«nTDC: 


or -60% of annual TDC 


input by rivers) 


Net transfer to and from 

-0 

-0 

carbonate reservoirs 




"Values determined in order to equal a l%o change in ocean TDC over steady-state flux rates 
(estimated from Tables 4.2 and 4.3). 

^Changes in total C content of atmosphere as CO 2 induced by changes in temperature and 
sahnity assuming constant surface seawater volume equal to prerent and 300 x 10 atm of 
CO2: 

ApCOg/AC (for cooling PC) * -24 x 10*® gof C (-4% of pCOgl/^C; 

APCO 2 /A salinity (for salinity decrease of l%o) * - 30 x 10*® g of C ( - 5% of pC02)/%e 
salinity. 
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FIGURE 4.2 Linkage between the carbon and {^lo^phorous cv^es 
in the ocean. The availabilit>' of phosphorous as a nutrient limits the 
amount of organic carbon and carbonate that can be produced and 
buried in the oceans (after Froelich et 1981). The importance of 
diRdrent phoqdiorous (and organic carbon'Carbonate) sinks may have 
varied significantly in the past. 


TABLE 4.2 Approximate Present-Day Sizes and Isotopic 
Comporitions of Carbon Reser\^oirs® 


Reservoir 

Mass of Carbon 
in 10 *' g 

Average 6 *^C 
(%.) 

Ocean-dissdved carbon 

350.0 

0 

(primarily HCO 3 ) 

Annual net marine carbonate 

0.0014 

+ 1.0 

(biogenic CaCOs) 

Carbonate sediment reser\'oir 

610,000 

+ 1.0 

Annual net marine organic 

0.00073 

-23 

carbon (biogenic Cjj q) 

marine biomass 

0.018 

-23 

Organic carbon sediment 

130,000 

-23 

reser\'oir 

Atmospheric CO^ 

6.0 

-7 

Land-plant biomass (C„,.^) 

8.4 

-26 

soil “humas” 

12.0 [10.5-30] 

-25 

Stream flux (annual) 

Dissolved inorganic carbon 

0.0047 

-6.5 

Dissolved organics 

0.0032 

-26 

Pariiculate organics 

0.0007 

-26 

Volcanic gases 

(?) 0.0008 

-7 

(mantle carbon) 

(see Table 4.3) 



‘^Modified from Scholle and Arthur, 1980. 
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LONG-TERM STATUS AND 
FEEDBACK MECHANISMS IN 
THE CYCLING OF CARBON 

A number of researchers have suggested that the chemistry of 
tlK Earth s atmosphere and oceans has remained constaiU 
within certain limits to account for the continuity of life and 
the rdabvely narrow excurriDns in the compt^tion of chmi- 
cal sediments through geologic time (e.g., Ho!^and> 1972, 
1974, 1978; Garrds and Perry, 1974). To maintain this long- 
geochemical status there must be a variety of efRdent 
feedback mechanisms that buffer expected variatioas in geo- 
chemical cycles due to changes in intensity of tectonism, in 
continental area and mean altitude, and in dimate. These 
buHering mechanisms may be short term, long term, or botii. 
The operation of the carbon c^de is one of the most important 
in this regard as it ultimately controls levds of oxygen and car- 
bon dioxide in the atmosphere. The carbon cyde is re^nsive 
to changes in dimate and oceanography and is coupled to nu- 
trients cydes. If dimate is influenced by varying levds of at- 
mo^E^teric CO 2 , for example, contra’s on atmo^heric pC 02 
levels are therefore important to understand. This under- 
standing must indude adequate knowledge of CO 2 sources 
am! source strengths, the allov^able excursions of pC 02 ie\'ds 
within the limitations imposed on the operation of ^obal car- 
bon cyde by ntitrient availability, productivity and burial 
of organic carbori, carbonate sedim^tation ainl dissolution, 
^ weathering rates and 'ctions (Figo.-i*s 4.1 and 4.2), and the 
rates of CO 2 excursions versus the of C 02 *consuming 

processes (see Table 4.3). 

We know, for examine, that the increase in atmos[^ieric CO 2 
le\^el$ from burning of fosril fuels and other activities of man 
has not been immediatdy takei up [perhaps 48 percent of the 
total CO 2 rdeased by burning of f<»sii fuds has been removed 
firom the atmosphere by various mechanisms (Oesdiger et al,^ 
1975)]; the CO 2 is produced at a rate of about 5 x 10^^ to 6 x 
10*^ g of C/yr (Rotty, 1977) arid increases by about 4 percent 
per year. Thus, the feedback nechanisms that must act to re- 
store balance are not entirdy efficient on the order of a few 
tens of years. The major control mechanisnrrs on time scales of 
10^ to 10® yr are probably weathering reactions, carbonate 
dissolution in the oceans, and burial of organic carbon in sedi- 
ments (through changes in net primary productivity or en- 
hanced preservation in sediments). The efficiency of all of 
these mechanisms is limited by one or more factors. We have 
only a partial understanding of the carbon-cycle system. Parts 
of the system can be isolated, but the whole is difficult to in- 
tegrate. The next section gives an example of how we mi^t 
approach the CO 2 problem as a subsystem of the global car^ 
bon cyde. Short-term buffering mechanisms, such as uptake 
as dissolved CO 2 in seawater and uptake in increased ter- 
restrial biomass, will not be considered. 

Weathering Reactions as a Feedback Mechanism 

Weathering reactions, such as decomposition of silicates and 
carbonates by acid soil, groundwaters, and surface runoff rich 
in CO 2 , may be a major long-term sink for atmosp heric CO 2 . 
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TABLE 4.3 Annual Cains and Losses of Atmospheric 
Carbon (in units of 10^"* g/yr) Due to Weathering and 
Sedimentation^ 



Gains 

{..osses 

Weathering 

Oxidation of elemental carbon 

0.09 ± 0.2 


Dissolution of limestones and 


1.6 ± U.2 

dolomites 

Decomposition of Ca and Mg silicates 


1.9 ± 0.2 

Decomposition of Na and K alicates 


0.8 ± 0.2 

Sedimentation 

Deposition of elemental carbon 


1.2 ± 0.3 

Deposition of carbonates 

2.2 ± 0.4 


Deposition of Mg silicates 

0.8 ± 0.2 


Depoatkm of Na and K silicates 

0.8 ± 0.2 


Net dianges 

Due to carbon c>'de 


0.3 ± 0.1 

Due to carbonate cycle 


0.5 ± 0.3 

Total net lo«: 


0.8 ± 0.4 


•AftCT Holland, 1978. 


An estimated 10 percent (0.43 x 10^^ g of C/jt) of the present 
annual CO 2 flux from the atmosphere is consumed in 
weathering reactions (Holland, 1978). If atmospheric CO 2 
levels increased greatly, rainfall possibly would become more 
acidic and the amount of CO 2 in soil horizons would increase, 
thereby leading to higher rates of weathering. However, the 
increased weathering w'ould lead to a rise in alkalinity and 
carbonate ion concentration of river water carried to the 
ocean, which, depending on the concentration of total CO 2 
and carbonate ion in seawater, will precipitate and deposit 
carbonates eventually. Carbonate deposition results in a net 
flux of CO 2 back to the atmosphere. At present, the net deposi- 
tion of carbonates results in an estimated gain of about 0.22 x 
10^^ g of C/yr to the atmosphere and deposition of silicate 
minerals results in a gain of about 0.16 x 10^^ g of C/yr, so 
that there appears to be a net loss of CO 2 (about 0.05 x 10^*^ g 
of C/yr) from the atmosphere owing to the cycle of weathering 
reactions to silicate and carbonate reconstitution (see Table 
4.3). 

Weathering may be an important sink for CO 2 , but it must 
operate on longer time scales (i.e., a million years) to control 
atmospheric CO 2 levels, and it is dependent on such things as 
continental area, rainfall, temperature, and soil carbon and 
moisture. However, there is opposition to this idea (E. Sund- 
quist, U.S. Geological Survey, personal communication, 
1980), and most weathering reactions may be dependent en- 
tirely on the concentration of soil CO 2 . If higher pCOo results 
in global warming, possibly in increased rainfall at some lati- 
tudes, and in CO 2 fertilization of higher plants, then this com- 
bination of effects might ultimately result in larger amounts of 
soil carbon and greater production of soil CO 2 , which, in 
turn, would promote higher rates of weathering. The controls 
on soil-C02 concentrations and the concept of increasing 
acidity of rainfall with increasing atmospheric CO 2 require 
more study. 


Organic Carbon Production arui Burial 

The biosj^re also exerts a tremendous influ^Kse on atmo- 
spheric CO 2 levds. All the atmospheric CO 2 is proluildy cy- 
cled through plants once in every 10 years or les^. There is less 
carbon locked up in the bio^here, induding soil humus (a 
total of more than 2000 x IQi^ g of C), than in CO 2 dissolv^ 
in oceans (Table 4.2) but more than in the atmoq^iare. The 
net burial of organic carbon in sediments accounts for a loss of 
CO 2 from the atmosphere (and a gain in ozygra). Today, this 
bunalaccountsfor the net withdrawal of about 0.12 x 10^^ g 
of C/yr of atmospheric CO 2 (liolland, 1978). This transf^ of 
CO 2 more than offsets the estimated gain in CO 2 by oxidative 
weathering of old organic matter of about 0.09 x 10^^ g of 
C/yr (Holland, 1978). Short-term increases in the size of the 
marine or terrestrial biota and soil carbon could accommo- 
date diort-term increases in atmo^heric CO 2 (e.g., Broecker 
et al,t 1979), whereas longier-term control would have to be 
exerted by increasing the rate of organic carbon burial in sedi- 
moits. The net carbon-burial increase could occur in peat- 
lands, by an increase in forest-litter accumulation, in coal 
swamps and lakes, or in marine settings — eqpedally in estua- 
rine environments and on contin^tal slopes. The terrestrial 
sinks, with the exception of coal (McLean, 1978a), would be 
rdativdy short-term reservoirs because of thdr general sus- 
ceptibility of subaerial exposure and oxidation. The marine- 
sediment reservoir is the probable long-t^rm stable sink for 
organic matter. The major control in productivity of organic 
matter is nutrient availability. 

Changes in nutrient supply may lead, in part, to changes in 
the burial rate of organic matter. The burial rate of organic 
matter is also a function of oxygen availability and circulation 
rates of <kep- water masses. Burial of organic matter removes 
at least part of the nutrients used in organic synthesis, and, 
without sufficient available nutrients (mainly phosphorous 
and nitrogen), the organic part of the carbon cycle cannot re- 
spond to a CO 2 increase. A large part of the nutrient flux in the 
oceans today is regenerated from organic-matter oxidation in 
the water column and witliin sediments (see Figure 4.2). Bur- 
ial of terrestrial-organic matter (land plants) is a more effi- 
cient C 02 -fixing mechanism in terms of nutrient usage; the 
average C:N:P ratio is about 510:4.2:1 as opposed to 106:16:1 
in unoxidized average marine-organic matter, although much 
of the P and N may be regenerated before burial. Thus, times 
of widespread coal deposition (e.g., the Carboniferous) would 
have efficiently fixed much atmospheric CO 2 into sediments. 
Burial of terrestrial organic matter in marine sediments is also 
important. Evidence suggests that, at present, relatively little 
land-derived organic matter reaches the deep sea beyond the 
shelf (e.g.. Hunt, 1970; Sackett, 1964; Sackett and Thompson, 
1963; Sackett et al., 1965; Rogers and Koons, 1969), except in 
the anoxic Black Sea, which is a large sink for terrigenious 
organic carbon (e.g., Simoneit, 1977). However, this lack of 
deposition of terrigenous organic carbon in marine environ- 
ments may not be the norm because the rapid Holocene rise in 
sea level has influenced trapping of terrigenous organic matter 
in nearshore settings. There also may be difficulty in recog- 
nizing some terrestrially derived organic matter in marine 
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sediments after early diagnosis on the bads of values 
alone. Evidence from Deep Sea Drilling Project (DSDP) drill 
sites suggests that during the Early Cretaceous mudi more ter- 
rigenous organic carbon was preserved in deq>er marine 
sediments than at present. 

There is some evidence, as yet inconclusive, tliat greater 
aml^nt CO 2 concentratk>ns may fertihae hi^er {dants and 
may either increase net primary productivity or decrease rates 
of transpiration (see Strain, 1978, for review). This evidence 
suggests that land plant productivity might im^rease with in- 
creasing pCO£» but, as Lemon (1977) pointed out, all data 
bearing on this probl^ have come from controlled experi- 
ments, and there is no available evidence that natural ecc^ys- 
tems could respond in this way; the process is nutrient-limited, 
liowever, this speculation is intriguing, and the medianism 
may be of great importance. 

In general, the operation of the organic portion of the oir- 
bon cyde is critical to controlling pC02. Nutrioits must be 
available to allow rdativdy unrestricted dianges in biomass 
and organic carbon burial in response to increased pC 02 * 
There is some evidence that nutrient levds in the sea, rates of 
cyding of nutrient pho^hate ami nitrogen throu^ ocean wa- 
ters, or both may have varied significantiy in the past (e.g.. 
Piper and Codispoti, 1975; Arthur and Jenkyns, 1981) ami 
that the drculation patterns, supply to surface watm by 
upwdling, and productivity changed as wdl (e.g., van Andd 
et aL^ 1975; Berger, 1979). Thus, the evidence is not dear that 
sufBdent nutrients are available always to allow the biota to 
buffer PCO 2 increases. There is possibly a feedbade link that 
provides an increased nutrient flux to the oceans by increased 
rates of weathering during pC02 increase. However, this 
mechanism involves a time lag, possibly on the order of several 
miUion years, and just how weathering rates change with in- 
creased atmospheric CO 2 is not yet clear. Times of increased 
dastic sediment flux to the oceans, possibly from increased tec- 
tonic activity and erosion of hi^-standing land masses, also 
may result in increased net organic carbon burial because high 
sedimentation rates enhance organic-matter preservation 
(Muller and Suess, 1979). 

Effectiveness of Carbonate Dissolution in CO 2 Buffering 

A final major mechanism of atmospheric GO 2 buffering, and 
one that could be expected to operate over a time scale of 
100,000 years or less (the residence time of carbon in the ocean 
is about 10,000 years) is dissolution of carbonate minerals in 
the deep sea. This mechanism has been discussed at length in 
the literature (e.g., Broecker and Takahashi, 1978; Broecker 
et aLy 1979) and will not be dealt with in detail here. The 
main area of carbonate dissolution is below the lysodii^, a 
level of increased undersaturation and increased rate of disso- 
lution of calcite in deep-water masses. It is estimated that 
there are today at least 3600 x 10^^ g of C as carbonate read- 
ily available for dissolution to about 10-cm depth in deep-sea 
sediments, with a probable addition of 1-2 x 10^^ g of C/yr 
from annua production. However, the efficiency of increased 
oceanic dissolved CO 2 levels in dissolution of carbonate 
depends on the rate-limiting process in dissolution (e.g., 


burrow-stirring, breakdown of organic coatings, and satura- 
tion of pore waters) and on the rate of overturn of oceanic 
deep waters (currently with a residence time of about 1200 
years) that controls the rate of delivery of dissolved CO 2 from 
the atmo^here to the dq>ths for buffering by oirbonate 
dissolution. 

Reladvdy soluble carbonate minerals sudi as aragonite and 
high-Mg calcite deposited in shallow-water environments 
might provide another small sliort-term buHdr for in- 
creased PCO 2 (e.g., Broeci^er et aLy 1979), but the airfaoe 
ocean is at present everywhere at least 1.7 times saturated 
with respect to aragonite. According to Broecker et aL (1979) 
the atmo^heric CO 2 would have to increase at l^ist 5.3 times 
and 8.5 times that of today to cause undersaturation in ocean 
surface waters for aragonite and calcite, respectively. There- 
fore, dissolution of shallow-water carbonate sediments is iK>t 
likdy to be too significant as a sink for CO 2 at present and was 
rdadvely insignificant in the past unless major pC 02 increases 
were allowed. Also, if high-Mg calcite, aragonite, or both 
were dissolved and repredpitated as low-Mg caldte, then 
there is no net CO 2 consumption. 

Because dissolution of 1 mole of carbonate consumes 1 mole 
of CO 2 , only about 40,000 yr would be required to dissolve the 
estimated available ckep-water carbonate if the estimated 
rate of CO 2 degassing by volcanism were to double (e.g., an 
increase of about 0.0^ x 10^® g of C/yr). However, an in- 
crease in dissolution rate equal to about 10 percent of the car- 
bonate produced in surface waters eadi year would also 
balance the aforementioned CO 2 flux increase. Thus, all othar 
factors bdng equal, we might expect to see a decrease in the 
net de^sea carbonate-accumulation rate with an Increase in 
atmospheric CO 2 , as wdl as an apparent diallowing of the 
carbonate saturation horizons [the lysocline and calcium car- 
bonate compensation depth (CCD), e.g., Berger, (1977)]. 

Carbon Isotopes in Pelagic Carbonates as Constraints on 
Carbon Cycling 

Consideration of the possible past excursions of atmospheric 
CO 2 has been made by examining constraints on dianges in 
ocean chemistry imposed by the composition of marine 
chemical sediments— mainly evapoiites and carbonates— 
through time and by examining changes in the carbon isotopic 
composition (d ^^C values) of limestones through time. Holland 
(1972, 1974, 1978) has shown that during the Phanerozoic, sur- 
face seawater has always been saturated or supersaturated with 
respect to calcite and aragonite. The probability is that the con- 
centration of Ca2 + , S 04 ^ " , and HCO^ ” have never varied by 
more than a factor of 2 to 3 in either direction from their pre- 
sent values. Holland has shown that all of these factors con- 
strain pC 02 variations only by about a factor of 10^ to 
10^— that is, that pC 02 has probably always remained be- 
tween 10 and 10®’® atm (currently 10® ® atm) 

The b ^®C values of marine limestones are presumed to reflect 
the carbon isotopic composition of total dissolved carbon in the 
ocean reservoir (e.g., Broecker, 1974). The average isotopic 
composition of the reservoir generally represents the balance 
between deposition of carbonates and organic carbon. The two 
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have very different carbon isotopic compositions (average 
organic carbon » - 23 %o and average carbonate « 4 i %o; 
see Figure 4. 1). Limestones are isotopicaliy similar to total car- 
bon in the oceanic reservoir. This model assumes an input of 
dissolved carbon to the oceans of constant mass and isotopic 
compc^tion. This assumption is necessary because we have no 
data to subsbintiate large variations, but in reality riverine 
flux may vary as a function of rates of weathering and the pro- 
portion of limestone versus organic carbon weathered (or 
oxidized). 

Making the assumption of constant input, we can state the 
following. Excursions to more positive 6 values indicate 
perhaps that rdatively more organic matter is U'ng buried, 
while burial of carbonate (kcreases or remains constant. More 
negative isotopic values imply a shift to largjer values in the 
burial ratio of carbonate to organic carbon. J unge et aL (1975), 
Vetzer and Hoefs (1976), Carrels and Perry (1974), and Car- 
rels et aL (1976) have suggested that 6 vali^ in limestones 

through time have stayed rdatively constant (about 0 ± 2.5%o) 
implying that there has been little change in the partitioning of 
carbon between the organic and carbonate reservoirs during 
the Phanerozoic. This rdative constancy sugg^ an ^dent 
long-term control against major excursions in atmospheric and 
ocean diemistry. However, these considerations use average 
values from long time periods (i.e., 30 m.y. to 50 m.y.) and do 
not have the resolution necessary to detect short-term perturba- 
tions. For example, Scholle and Arthur (1980) have detected 
large ai^ rapid excursions of as mudi as 4 %o in 6 in both 
positive and negative directions of pdagic carbonates of 
Cretaceous and early Cenozoic age. These excursions may oc- 
cur in less than a million years and imply rapid changes in the 
production and burial of organic matter and carbonate (see 
also Bernier and Keigwin, 1979; Vincent rt al.^ 19^). 
Shackleton (1977) has demonstrated cyclic changes in 6 of 
less than 1 in benthic foraminifers over a few thousand years 
during the Late Pleistocene. He attributed these variations to 
transfer of carbon to and from the terrestrial biosphere to the 
ocean-atmosphere during glacial-interglacial dimatic dianges 
in the amount of about 10 g of C/; . (a total of 10^® g of C in 
10,000 years or so) . Note that this amount is perhaps only a few 
percent of the rate of addition of CO 2 to the atmosphere by 
man’s activities today. Tree- ring carbon-isotope data suggest 
that a 1 to 1 .5 %o decrease has resulted in the 6 value of at- 

mospheric CO 2 from burning of isotopicaliy light organic 
fuels. 


DETECTING ATMOSPHERIC CO 2 
EXCURSIONS AND CLIMATE CHANGE 
IN THE CENOZOIC 

Is there any hope of detecting variations in atmospheric CO 2 
and establishing these as a cause of climate change in the 
geologic past? The problem amounts to one having several 
parts: (a) constructing realistic models that demonstrate the 
significance of climate change related to pC 02 variations; (b) 
designing more sophisticated models that incorporate all im- 
portant factors in the carbon cycle in the land-ocean-atmo- 


sphere system (as discussed earlier), and plugging in a variety 
of possible variations in inputs and outputs in order to provide 
constraints on interpretation of past geologic data; and (c) col- 
lection and integration of geolo^c and dimatic data for com- 
parison Mith (b) above. Part (a) has already been discussed 
briefly in previous sections. Part (b) is a difficult enterprise, 
but various attempts to model the system are in progress (e.g., 
Bolin et oi., 1979; E. Sundquist, U.S. Geological Survey, per- 
sonal communication, 1980). 

Data for part (c) have been slowly accumulating, mainly 
through paleontologic, lithologic, and geochemical analysis of 
DSDP cores. Berger (1977) previously inferred atmospheric 
CO 2 dianges during the Cenozoic by examining the known 
fluctuations in various parameters of the carbon systm de- 
rived from this data base. However, climate diange seems 6e~ 
pencbnt on so many factors that we cannot deBnitdy state 
^'•at a given dimatic *went is dependent on a sin^e <»use. 
Many of tl% factors pObSuAy cf using dimate changes during 
the Cenozoic, for example, are coinddcnt (see the other 
diapters in this volume; Berger, 1977; Berggren and Hollister, 
1977; Fisdier and Arthur, 1977; Frakes, 1979), and thdr rda- 
tive dfects must be carefully modded. 

Because of the variety of mechanisms that can induce di- 
mate cliange, a ^ven warming in the geolo^c past is difficult 
to attribute to a greenhouse effect resulting from increased at- 
mo^heric CO 2 . However, there are several signals that, 
taken together along with evidence of dimate warming, 
might point to increased levels of CO 2 as a cause (e.g., Ber^r, 
1977). These signals are the following: (1) evideiK^e of in- 
creased dissolution of carbonate in the deep sea and pebble 
decreases in the rate of accumulation in de^sea sediments; 
(2) changes in the 5 values of total carbon in the oceanic 
reservoir as reflected in analyses of pelagic-carbonate bulk 
samples, or preferably both benthic and planktonic organisms, 
through the time interval in question; (3) a change in the rate of 
accumulation of organic matter in marine and/or nonmarine 
sediments; and (4) negative evidence of a major change in 
ocean circulation that mi^t result in any of the preceding 
signals. 

The following discussion deals briefly with the Cenozoic cli- 
matic and paleo-oceanographic record and some evidence of 
possible PCO 2 excursions. This is a qualitative treatment only 
and is intended to illustrate the type of approach necessary 
and the difficulties in isolating atmospheric pC 02 variations 
as causes of climate change. References and discussion of cli- 
mate changes based on oxygen isotope and paleontologic data 
can be found in a number of papers in this volume (e.g.. Chap- 
ters 12, i3, 16, and 18). The paleo-oceanographic data b:.se 
comes largely from Figures 4. 3-4. 5, which are compiled fro n 
numerous sources (see also Berger, 1979; Arthur, 1979). 

The climatic events near and following the Cretaceous-Ter- 
tiary boundary may be evidence of an atmospheric CO 2 ex- 
cursion at that time. The possibility was suggested by McLean 
(1978b) in an elaborate explanation for the biotic extinctions 
occurring at the boundary. He suggested that pC02 increased 
because of a failure of marine photosynthetic organisms. This 
pC 02 increase resulted in a warming across the boundary 
during the earliest Paleocene. This warming of a few degrees 
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FIGURE 4.3 Accumulation rates of or- 
ganic carbon (M. A. Arthur, unpublished 
data) and carbonate (after Worslej* and 
Davies, 1981) in the deep sea during the 
Cenozoic as compared with average 
values of bulk carbonate and global sea level. 
The fluctuatioris r^ect dianging fertility 
and possibly changes in atmospheric CO 2 . 
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Celsius has been detected in oxygen isotopic and paleontologic 
data. HsCi (1980) has also suggested a large increase in pC02 
at this time associated with an impact of an extraterrestrial 
object. 

The early Paleocene warming lasted 3-5 m.y. The 6 ^^C 
values of carbonate were low (average + 1 %o) at this time, as 
were 5 gradients from surface to deep water inferred from 
the average difference between planktonic and benthic 
foraminifers (Figures 4.3 and 4.4). The accumulation rates of 
carbonate in the deep sea were also at a low point in the early 
Paleocene, as were those of organic carbon. The CCD was 
relatively high, especially at the boundary. The early 
Paleocene (65-62 Ma) is therefore a possible candidate for a 
possible p CO 2 excursion that leads to climatic warming. A sud- 
den injection of up to 90 x 10^® g of CO 2 into the ocean- 
atmosphere is juggested by the rapid negative 6 i^C shift of 
1.5 %c at the Cretaceous-Tertiary boundary, assuming that the 
CO 2 had a 6 *^C value equivalent to that of volcanic emana- 
tions. The effects of this event lasted perhaps 3-5 m.y., suggest- 
ing that feedback mechanisms to adjust to the pC 02 excursion 
were rdatively efficient on a geologic scale. A sli^t cooling oc- 
curred during tlie mid to early Late Paleocene. It is not clear, 
however, what caased the amelioration of the possible pC 02 in- 
crease at the Cretaceous-Tertiary boundary. Becau.se deep-sea 
organic carbon accumulation rates were fairly low and the ex- 
tent of shallow shelf seas was apparently small, much of the pro- 
posed PCO 2 increase might have been accomodated by dissolu- 
tion of pelagic carbonate (e.g., Worsley, 1974). 

A second major warming, not explained by other factors 
such as continental positions and opening of ocean 
“gateways,” occurred in Late Paleocene-Early Eocene time. 



FIGURE 4.4 6 values of calcite of benthic foraminifers and 
gradients between surface and deep water through the Cenozoic (com- 
piled from Kroopnick et al., 1977; Letolle et ah, 1979; Boersma et ah, 
1979). 
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FIGURE 4.5 Accumulation rates of or- 
ganic matter in the de^ sea (M. A. Arthur, 
unpublished data from DSDP Sites) and 6 
values of pdagic carbonates (from Scholle 
and Arthur, 1980). Note major change in 
both parameters near Aptlan-Albian, possi- 
bly related to the evaporite episode in the 
South Atlantic. 


There is first an increase then a sudden decrease in bulk pe- 
lagic carbonate 5 values amounting to over 2 %p. The d 

gradient was highest during the Late Paleocene and also 
decreased greatly into the Early Eocene. The CCD remained 
high, and dissolution gradients were also relatively high (van 
Andel, 1975; van Andel et aL^ 1975). The accumulation rate of 
carbonate in the deep sea was only slightly higher than tliat in 
the early Paleocene. Organic carbon accumulation rates, 
however, increased greatly in the Early Eocene. There was cer- 
tainly a Late Paleocene-Early Oligocene increase in oceanic 
fertility as evidenced by large phosphorite deposits and high ac- 
cumulation rates of organic carbon both on the shelves and in 
the deep sea (Arthur and Jenkyns, 1981). This combination of 
evidence again seems to be a possible candidate for warming 
because of an atmospheric CO 2 increase. It is intriguing that 
Vogt (1979) has suggested a substantial peak in volcanicity that 
occurred in the Late Paleocene ^centered at about 56 Ma). 
Could this volcanicity have been the cause of the climatic 
warming and changes in paleo-oceanographic parameters? 
The Early Eocene was also one of the warmest periods, as in- 
terpreted from terrestrial floras (see, e.g., Chapter 16). 

The aforementioned pCO£ excursion and climatic optimum 
possibly induced increased weathering rates on land, 
and this feed jack loop brought increased dissolved Ca'*’-, 
bicarbonate, silicates, and phosphate to the oceans. The Mid- 
dle Eocene is marked by cooling, possibly because of decreased 
pC 02 , by a gradual increase in pelagic carbonate 6 ^^C values; 
by widespread biogenic silica-rich sediments, by low organic- 
carbon accumulation rates; and by the highest accumulation 
rates of carbonate in the deep sea (even with a relatively high 
CCD) r i any time in the Early Cenozoic. Again, about 5 m.y. 
seems to be the response time of the carbon cycle to dampen the 
effects of a possible PCO 2 rise. 

Climatic cooling in the Oligocene generally has been ex- 
plained by the increased isolation of the Antarctic and by the 
development of the circum-polar current (see Chapter 13). The 
cooling may also be due to low atmospheric CO 2 , although 


there is no good evidence for this. A drop in the deqi-sea ac- 
cumulation rate of organic carbon and carbonate accompanied 
a denning of the CCD, a decrease in carbonate-dissolution 
rates, and low 5^^C values, which suggest low fertility 
and a high ratio of preservation of carbonate to organic matter. 
These rdations suggest, but do not prove, a period of relatively 
low-atmospheric CO 2 in latest Eocene throu^ probably Late 
Oligocene. In fact, deep-sea carbonate accumulation rates 
reached a maximum in the Late Oligcx^ne. However, part 
this increase may have been due to greater supply of carbona.*. 
to the oceans during major sea-level regression (e.g., Worsley 
and Davies, 1981). 

However, an early to middle Miocene warming has not been 
satisfactorily explained by other mechanisms. This warming 
episode peaked at about 17-15 Ma and coincides with a second 
major peak in volcanism shown by Vogt (1979). This peak also 
coincided with a sharp rise in the CCD in nearly all ocean 
basins, an apparent increase in dissolution rates (e.g., van 
Andel et al.y 1975), and a decrease in deep-sea carbonate ac- 
cumulation rates, as well as an elevated b ^^C gradient and 
more positive 6^^C values. D«jep-sea accumulation rates of 
'organic carbon remained low, as in the Oligocene, but were 
high around the continental margins and began to increase in 
tfe deep sea in the Late Miocene. Pelagic carbonate 6^^C 
val^ also dropped sharply in the Late Middle Miocene, and 
6 gradients were lower. These factors again suggest that at- 
mospheric CO 2 increase could have been responsible for 
climatic warming. By Late Miocene time, again on the order of 
about 5-7 m.y. later, the system recovered and cooling began. 
Both deep-sea organic carbon and carbonate accumulation 
rates picked up at about 7 Ma. 

These relationships are highly speculative but suggest 
something about the role of p CO 2 in climate change in the 
geologic past. Contrary to this, however, the Plio-Pleistocene 
peak in volcanism noted by Vogt (1979) and Kennett and 
Thunell (1975) appears to have had the opposite effect — that 
is, inducing cooling — or no effect at all. 
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EVAPORITE DEPOSITION EVENTS 
AND GLOBAL CLIMATE CHANGE 

Changes in ocean chemiury can modulate or change climate 
in other ways as well. Rapid and large-scale deposition of 
evaporites in isolated small ocean basins may have a substan- 
tial eHect on ocean chemistry, and, in addition, may directly 
or indirectly influence global climate through its effects on the 
sulfur and carbon cycles. Garrels and Perry (1974) have 
pointed out that precipitation of major evaporite bodies may 
require large transfers in the sulfur and carbon reservoirs. Pre- 
cipitation of calcium sulfate at higher than steady-state rates 
in an evaporite basin requires transfer of Ca^'^ from the car- 
bonate to the evaporite reservoir and results in a net gain of 
CO2 to the atmosphere. The CO2 gain, in steady state, should 
be compensated for by net gain in burial of organic carbon, by 
increased dissolution of carbonates, or in both. However, in 
the event that evaporite deposition is extremely rapid, these 
balancing processes may not be able to work effectively in the 
short term to remove the CO2 excess. The CO2 spike to the at- 
mosphere may then lead to climate warming, depending on 
the extent of the CO2 anomaly. 

Early Cretaceous Evaporites and a Global Warm Episode 

An example of this type of “internal** control on global climate 
may have occurred during the early Cretaceous when the north- 
ern South Atlantic (Angola-Brazil Basin) became the site of 
massive evaporite deposition as it was effectively isolated from 
the rest of the world ocean at intermediate latitudes under 
high evaporation rates. Arthur and Kelts (1979) have sug- 
gested that the Angola-Brazil Basin was isolated for 2 m.y., 
and within that time period a basin 500 km wide by 2000 km 
long was filled with between 2 and 3 km of evapo/ftes. Assum- 
ing at least 30 percent CaS04 and 70 percent NaCl within the 
evaporites, they suggest that nearly 1.4 x 10^^ g of CaS04 
and 3.0 x 10^* g of NaCl were deposited in the geologically 
brief 2 m.y. period. Assuming modern rates of river input of 
Na'*', Cl“, Ca^*^, and 8042“, and an initial oceanic reser- 
voir of those elements equal to that of today, this chemical ex- 
traction me'^ns that oceanic salinity could have been decreased 
by 4 to 5 %p (see also Hay, 1979) and that the oceanic sulfate 


reservoir of sulfate and calcium would have been drawn down 
signiHcantly. A trend to much lighter 5^S values during Ap- 
tian time (e.g., Claypool et a/., 1980) may be evicknce for this 
drawdown. The cycling of carbon would have been affected 
as well. An abrupt CCD rise in Aptian time (Thierstdn, 1979) 
and a trend toward more positive o ^^C in marine carbonates 
(Figure 4.6) may have occurred because of an increase in the 
rate of dissolution of carbonate resulting from a decrease in 
the oceanic Ca^ ^ concentrations and an increase in CO2, and 
because of an increase in the rate of burial of organic carbon. 
The increased rate of burial of organic carbon may have re- 
sulted from enhanced preservation under anoxic or near- 
anoxic conditions. Stable stratification related to salinity con- 
Tasts between surface and deep waters may have been one 
mechanism for the development of poorly oxygenated deep 
waters (Ryan and Cita, 1977; Roth, 1978; Thiersten and 
Berger, 1978; Arthur and Natland, 1979); some of the most 
saline deep water may have been derived from periodic spill- 
age from the evaporatic northern South Atlantic and from 
epicontinental and shelf seas in low latitudes. This mechanism 
might essentially provide the feedback to rid the system of the 
supposed CO2 excess by enhancing burial of marine organic 
carbon. However, if the Aptian-Albian oceans were relatively 
nutrient depleted as prop(»ed by Roth (1978) and Arthur and 
Kelts (1979), plankton productivity would be low, and this 
would not Ix' an effective way to draw down atmospheric 
CO2. The burden of fixing this CO2 might have fallen on the 
terrestrial plants; in support of this theory it has been argued 
that a significant proportion of organic carbon buried in 
Aptian-Albian deep-sea sediments is of terrestrial derivation 
(Tissot et aLj 1980). This is probably a more slowly operating 
feedback mechanism, thus pCC2 concentrations may have 
risen fairly rapidly and been only slowly lowered following 
the Aptian evaporite episode. The Albian climatic optimum 
(Savin, 1977) may have resulted from this CO2 excess. A 
similar scenario could be envisioned for the Permian evaporite 
episode. 

The **Mes$inian Event*' and Global Cooling 

The preceding ideas are preliminary and are based on intui- 
tive rather than rigoroudy systematic interpretations of the 


FIGURE 4.6 profiles across lami- 

nated organic-rich shale/marl and limestone 
cycles of Cretaceous age (A, after Weissert et 
1979; B and C, M. A. Arthur, unpub- 
lished data). 


CARSON ISOTOPES ACROSS OXIC/ANOXfC CYCUS 


ABARREMIAN 


13 

6 C(CaCO,) 



Per mil Per mil 

SO. ITALIAN ALPS 


e APTIAN 





2.2 


2.6 






Per mil 
N. APENNINES 


C ALBIAN 2.4 

40- 


\ 2.M 



Per mil 
GUBBIO, ITALY 


The Carbon Cycle 


65 


linkages between major geochemical cycl*«. However, the dis- 
cussion provides some insight as to how the carbon cycle and 
global climate may have responded to sudden ^lerturbations of 
internal forcing mechanisms such as tectonic is^ilation of ma- 
jor ocean basins. But climatic warming may not be a nece^ry 
consequence of rapid and massive evaporite precipitation. 
The Messinian (latest Miocene) event may provide an illustra- 
tion of the opposite effect, that is, climatic deterioration, 
because of the ^inity crisis brought on by the isolation of the 
Mediterranean Tethys and the deposition of as much as 1.5 x 
10® km® of evaporites within a^ut 1 m.y. This amount is 
about three quarters of that deposited in the Aptian northern 
South Atlantic. Ryan (1973) has suggested that th i overall 
change in ocean salinity may have led to the increased produc- 
tion of sea ice in high southern latitudes that precipitated a 
sudden latest Miocene cooling rather than a warming by a 
COg excursion. In fact, the high rate of burial of organic mat- 
ter in deep-sea sediments just prior to and associated with the 
Messinian event may hav led to a net atmospheric-C02 
drawdown. This drawdown may also have contributed to the 
latest Miocene cooling. However, there is still some doubt as to 
whether the evaporite deposition preceded the cooling or 
followed a pronouiK*d regression related to increas'xl glacia- 
tion on Antarctica (see Wright and Cita, 1979). Clearly, sim- 
ilar events may have different climatic consequences, depend- 
ing perhaps on the global dimate configuration at the time. 
The latitudinal distribution of continents during the Early 
Cretaceous contrasts greatly with that of the Late Miocene, a 
time when a greater proportion of the land mass was com en- 
trated in higher latitudes. The position of Antarctica over the 
South Polar region is probably critical in the difference in 
global climate between the Early Cretaceous and the Late 
Miocene. Also, the Miocene oceans seem to have been much 
more fertile and possibly circulated more rapidly than the 
Earl)' Cretaceous oceans. This apparent increase in nutrient 
availability may have allowed more rapid depletion of any 
pC 02 increase by burial of marine organic mattei in the 
Miocene oceans. 


CONCLUSIONS 

At present, separation of cause from effect is difficult when 
examining possible changes in ocean chemistry and their rela- 
tions to dimate during the last 120 m.y., as is attributing any 
given climate change in the past to changes in atmospheric 
pC02. The chemistry of the ocean plays a dominantly passive 
role in modulating climate largely through its thermal inertia 
and its part in the carbon cycle. Conversely, ocean chemistry 
and circulation can certaiiUy change in response to climatic 
events. Abrupt changes in the depth distribution and accumu- 
lation rate of organic carbon and carbonate in the ocean 
basins, and in the carbon isotopic composition of pelagic-cal- 
careous microfossils indicate major changes in ocean-water 
mass structure, rates of oceanic overturn, atmospheric CO 2 
flux, and fertility. These changes within the ocean system in 
turn appear related to those in global climate. 

Excess atmospheric CO 2 from volcanic or other sources may 


be titrated by dissolution of carbonate in deeper water. In- 
creased rates of burial of organic carbon of eith^ terresbial or 
marine ori^n in marine sediment also fadlitate removal of ex- 
cess CO 2 . The ability of the ocean-diemical systmn to main- 
tain steady-state atmospheric CO 2 leveb in Ais way, how- 
ever, is largely dependent on overall nutrient availability and 
on rates of replenishment and levek of oxyg^ation of deep 
water, among other things. These factors l^r a complioited 
and varying relation to climate as well. 

Changes in oc^n diemistry also may trigger dimadc varia- 
tion. For example, rapid and ma^ve precipitadon of evapo- 
rites in isolated basins involves major chemical transfers 
affecting the carbon cyde and perhajK leading to increased 
levels of atmospheric CO 2 * However, the relative influence of 
such events and the direction of resultant dimadc changes ap- 
pear to depend on the prevailing dimadc regime at the dme. 

More d^nite reconstrucdons of the rdadonship between 
changes in atmospheric CO 2 , ocean chemistry, and dimate 
will depend on collecdng and analyzing large amounts of data 
on accumuladon rates of organic matter and carbonate in 
marine sediments through dme, on the bulk chemistry of sedi- 
ment, and on the carbon isotopic composidon of organic mat- 
ter and carbonate. Time series of such data, in conjuncdon 
with those of isotopic paleotemperatures and faunal studies, 
will aid in examining the interrdadonships of dimate and 
ocean chemistry and will allow better esdmndon of les^: and 
lags in the system. These data must be integrated into sophi^- 
cated computerized mockb reladng changes in climate to 
those in oceanic and atmospheric chemistry. But in order to 
evaluate the role of atmospheric CO 2 changes in changing 
global climate, we must also be able to evaluate cridcally the 
climatic (and ocean chemical) effects of changing sea levels, 
continental distribution, tectonic and volcanic activity, and 
varying ocean gateways. Av present, the number of degrees of 
freedom allow only a speculative and qualitative approach to 
the relationship between climate and atmospheric CO;' in the 
geologic past. 
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INTRODUCTION 

Significant climatic changes have tak^ place on the Ear^ 
om a v«y Imad «*ange ctf time scales ranging from decades to 
Idllions of years [Figures 5.1(a) axKl 5.1(b)]. There is probably 
not a single cause for these diai^es but radior a number, 
whidi, however, are individually effective over limited tin^ 
domains (Pdlack, 1979). Here, we will be concerned with 
solar, atmo^)hOTic, and astronomical factors that may have 
jdayed a role in some of die dimatic variaUUty that character- 
izes pre-Pieistooene times. 

The sections of this paper are organized by the dimatic fac- 
tors of interest. In each case, we define die manner in which 
the factor may have influenced past dimates, provide an 
estimate for the characteristic time scales over which the fac- 
tor is thou^t to vary, and give a summary of some of the re- 
seardi that hai been done in rdating this factor to dimatic 
change, with an assessment of its likdy importance. Space- 
craft misdons and ground-based observations have provided 
evidence that climatic changes have occurred on otl^ objects 
in the solar sy^em. For examine, liquid water may have once 
flowed across the now des^ike mrface of Mars. Th^dore, 


where rdevant, we also ocmsidar ^ possiUe Urflume at Ae 
above factors for die dhnate and its variability on other sdar- 
sydcm objects. 


SOLAR VARIABILITY 

From ainmst the beginning of die sdar system, 4.6 Ul^m 
years (b.y.) ago, the Sim*s lumhiMity has been steady in- 
creasing with time, according to almort all modds of the Sun*s 
evolution. Rec^t calculations suggest diat die fractkmal in- 
crease in the Sun's output over the entire period Is abotd 25 to 
30 percait (Newman and Rood, 1977; R. Stroth^ as quoted 
in Canute and Hsieh, 1978). A r^esentative cakulaticm d 
the long-term change in the Sun's oufout is givm in Figure 
5.2. 

If no other factor varied, die lower sdar output in the jMst 
would imply that the tmperatme of the Eardi was ptopee^ 
tivdy lower as we proceed furtbw bade in time. In foct, <pian- 
titative assesnnents of d^ amount d coding give rise to a seri- 
ous paradox, as fli^ pointed out Sagan and Multo (1972). 
Global radiation models, in whkA the CO^ oontnd and 


68 


Solar^ Astronomical, and Atmospheric Effects on CUmate 


AIR TEMPERATURE 


COLD WARM 



COLO WARM 


AT*C 



MiO-LATITUDE AIR TEMPERATURE 



vaORAL ICE VOLIMIE 
MAX MW 

Or- 






450p 
430 - 
410 “ 


h370 
< 
ft 
ui 

|350 

tu 

^330 

290 
270 - 


I ECHJtLIBHIUM NH) IVOLUTKMdARY TRACK 


II SU8ECHI1LIBRHMI MHj EVOLUTIONARY TRACK 


^INITIAL 1 bar 
^ Hi ATMOSPHERE 

EVOLUTIONARY TRACK 


ISOTOPIC TEIM»ERATUR£$ FROM CHERTS 



230 


2S0h ORIGIN OF EARTH 


-S.0 


-3.0 -ZM 
TIME. 


- 1.0 


0.0 


FIGURE 5.1 (a) Left Estimates ol the change m the gbbally aver- 
ted surface temperature of the Earth over Ume scales raiding from 
the last century to the last 60 million years. These estimates are based 
on a vartety of prox>' recordb except for those of the last ouitury, which 
are based on direct measuremesits ffrom PoUadc (1979)]. (b) Above 
Surface temperature ot the Earth over the last several billion years. 
The filled dides show tc.. ^jemturer mferred frmn isotO{^ studies of 
cherts by Knauth and Epstein (1976). The shaded trachs re pr ese nt 
three possible evolutionary tracks for the temperature, as given by 
Sagan and Mullen (1972). 


relative-hiiinidity profile of the atmosphere are hdd constant 
with time. Indicate that the Earth should have been totally 
covered with ice from 4.5 to 2.3 b.y. ago as a result die 
lower solar luminosity th^. But microfbssils and stromatolites 
provide evidence that life has existed on the Earth for the last 
3.5 b.y., and the occurrence of sedimentary rods in the oldest 
geologic provinces implies that there have been water oceans 
on the Earth for the past 3.8 b.y. (W. Sdioj^, University of 
California, Los Angdes. and H. D. Holland, Harvard Uni- 
versity, private comn«unication). Allowance for some dimatic 
feedback processes, such as the ice-albedo med^aiiism of 
Buctyko (1969), only accentuates this paradox (e.g , Chil, 
1976). Unfortunately, even the sign of other key feedback 
medianisms, such as one involving the radiative properties of 
water clouds, is unknown. Hence, the net response of the com- 
plete climate system to .i change in solai luminosity cannot be 
c Iculatcd with precision at present. 

Before discussing possible solutions to this problem in the 
next section, it is i*nportant to assess how wdl the Sun’s evolu- 
tion can be p4edic*ted. It is almost universely agreed among as- 


tro^mers diat fusion of hydrogen into hdium in die deep in- 
terior of the Sun is the ultimate source of the <»i^gy it radiates 
to ^ce. Detailed desoripdons of these nuclear transforma- 
tions have be^ wo^'ked out, with the so-caUedp-pdiain being 
the dominant sequ^ice for die Sun. An obs^ational test of 
this theory is provided by attemi^ to detect neutrinos that are 
emitted at several seeps of the tr&i»sfon.iation diain. Unfortu- 
natdy, while solar neutrinos ha.e apparendy been detected 
(Rowley et al,, 1980), the flux cf than is about a factor of 3 or 
4 smaller than that predicted b v conventional modds of the 
Sun (Newman a. i Rood, 1977). This problan is somewhat al- 
leviated by the fact that the neutri^ ^ ' adied come from a rd- 
advdy minor branch of die fusion chain. It has been suggested 
recendy that neutriiKis may have a small nonzero mass, in 
which ense they may partially transmute from one type of 
rieutriiK) to other types on the path from the ^un to the Eaith. 
Consequendy, fewer **standard” neutrinos may be defected. 
Finally and most to the point, virtually all solar models, in- 
duding some very exotic ones that have been devised to resolve 
the neutrino problem, are diaracterized by long-term changes 
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in solar oi*>piit that are very Minilar to that of the standard 
models. This degree of agreement is due to the luminosity vaH> 
ation* s being fui^mentally related to tlw change of the $un*s 
mean molecular weight that aocompa»'ies the conversion of 
hydrogen into helium. Hence, once we accept that the fuaon 
of hydrogen into helium has been the source of the $un*s out- 
put over almost its entire history, then it is difficult to avoid 
the temporal variations of output shown in Figure 5.2. 

There is, however, one additional factor that needs to be 
considered before we accept the above long-term dianges in 
solar output. These changes occur over si^ long time scales 
that the univarse itself has varied signiBcandy over them. 
There is the possibility that such cosmological factors as the 
universal gravitational constant, C, has varted as the univme 
has expanded. Canuto and Hsidi (1Q78) have developed cos- 
mologies of this type and have found that the temporal history 
of the solar flux at the orbit of the Earth is quite different for 
these models than for the more convaitional ones. In one 
model, in whidi G varies and matter is created, the Suns 
luminosify increases ev^ more rapidly with time than for the 
"^standard*" case. In a second modd in whidi G varies but no 
matter is created, the Sun*s luminosity decreases with time. In 
this latter case, we may have just the opposite problem to tl^ 
one considered above: too hi^ a taxinerature (greater than 
373 K) for life to exist on the early Earth. 

In summary, according to almost all moc^, the Sun*s lumi- 
nosity has varied by several teas of percent ovar the history of 
the Earth. For cosmologies in whidi C does not vary, the 
lower solar output of the Sun in the past needs some other 
variation to prevent the Earth from bdng entirdy covered 
with ice over much of its lifetime, contrary to the geologic 
record. Even cosmologies with varying C are diaracterized by 
significant temporal changes in the Suns output. 

The evolution of th« Suns luminosity also presents a para- 
dox for Mars, at least for constant-G cosmologies. Certain 
t>pes of channds that are present on the : jrface of that planet 
appear to have been carved by running ^ ater in the past, al- 



TtME BEFORE PRESENT, billion years 

FIGURE 5.2 Solar lur.nnosity as a function of time. The luminosity 
values have been normalized hy the current value. From Stothers as 
({uoted in Canuto and Hsieh (1978). 


though they are now dry. While it is not necessary to invoke an 
altered dimate to explain the occurrence of certain dasses of 
fluvial channds, e^iedaily the large ^outflow** channds, a 
much wanner dimate may be required by oth^ dasses, esge- 
daily the smaller gullies, whidi are found ubiquitously on the 
dder terrains (Folladt, 1979). But since these terrains were 
formed several billion years ago, a colder and not a warmer 
dimate is expected, owing to the long-term dianges in solar 
output. 


CHANGES IN ATMOSPHERIC COMPOSITION 

The composition of the Earths atmoq[)ha^ Is contrdled by a 
series of thermodynamic, biological, and geologic factors. For 
example, the amount of water vapor in the atmo^here is buf- 
fered by the much larger amount of water in the oceans, with 
the partitioning between these two reservoin being controlled 
by the saturation vapor-pressure curve of water. Hence, the 
amount in the atmosphere dqiends exponentially on die sur- 
face temperature. Almost all the oxygai in the Earth*s atmo- 
sphere is the result o*^ photosynthesis by living oi^anisms, 
d phytoplanktC'U, with its abundance bdng controlled 
r :ig t*me scales (>10® yr) by a balance between losses 
2 k«iiiered during chemicai weathering of reduced surface mate- 
rial and gains resulting from the burial of rediu^ed carbon 
compounds [see Figure 5.3(a)]. Mudi more carbon dioxide is 
locked up in carbonate rocks than exists in the atmo: 'here, 
with the latter being determined over long time scales (> 10^ 
yr) by a balance between losses due to the diemical weather- 
ing of silicate recks and gains due to volcanic outgassing of ju- 
venile CO 2 and CO 2 derived from the thermalization of 
buried carbonate rocks [cf.. Figure 5.3(b)]. 

There are good reasons for bdieving that the atmospheric 
composition has varied with time. First, very little oxy'gen w as 
presumably present in the early £arth*s atmosphere at epochs 
prior t» the evolution of photosvnithetic organisms: the re- 
duced compounds contained in volcanic effluents probably 
overwhelmed the ox\'gen produced from the photodissociation 
of w’ater vapor followed by ^he escape of hydrogen from the 
top of the atmosphere (Kasting et a/., 1979). Interpretations of 
the geologic record suggest that little oxygen w^as present prior 
to 2.1 X 10^ yr ago, with the oxygen partial pressi re subse- 
quently rising more or lers monotonically from thai point up 
until a time close to th® end of the Pre-Cambrian ( - 6 x 10® yr 
ago), when a partial pressure close to the present value was 
achieved (Windley, 1977). The rise in ox>'gen w^as also accom- 
par*ed by a progressive buildup in the ozone content of the at- 
mosphere (Kasting ei a/., 1979). Thus, during mueh of the 
Pre-Cf4mbrian i lot more biologically damaging solar UV 
lig'.l ^cached the surface than today, although organisms vary 
coariderably in the doses they can tolerate. The rise of ox>^gen 
may have set the stage for the invasion of the continents by 
plants about 4 x 10® yr ago both by leading to increased 
shielding of the surface from UV radiation and by providing 
the basi.s for an energy efficient metabolism that permitted the 
development of complex organisms (Kasting et al., 1979; 
Pollack and Yung, 1980). 
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(b) CAraON DK>XIDE CYCLES 



FIGURE 5.3 Geoohemiral cycles of ox>gen (a) and c^^rbon (b). The 
rectangular boxes show the amount of materia! stored ir> major reser- 
voirs: the numbers within circle i.j ,a) and along narrows in (b) indi- 
cate the fluxes between reservoirs. From Walker (1S77). 


The ver>' early atmosphere of the Earth ( ~ 3. 8-4. 6 x 10® yr 
ago) may have been reducing in character in order for the 
chen4ical steps that led to the origin of life to have occurred 
(Miller and Orgel, 1974). While a number of years ago this 
biological requirement was thought to imply a fully reducing 
atmosphere consisting only of H2, NH3, CH4, and other 
hydrogen-containing gases, it is now' know'n that complex or- 
ganic molecules can be biologically synthesized in mildly re- 
ducing atmospheres. There is even a minority opinion that 


»ich syntheses are possible in neutral atmo^heres that inter- 
act with catalytic days (Baur, 1978). Crude e^mates of the 
early composition of the Earth s atmosphm can be obtained 
from considerations of constraints placed by thnmodynamic 
equilibrium on the composition of volcanic gasses and by the 
loss oi certain gases through the top and bottom boundaries of 
the atmosphere. These studies suggest that N2 and CO2 were 
the dominant N- and C-containing gases in the Earth's early 
atmoq>here« with minor amounts of H2 lO*^) and CO also 
being present (Polladc and Yung, 1980). 

Variations in the CO2 content of the atmc^phcre can occur 
owing to dianges in the ^actors that control its geochemical c> - 
de. For example, the litho^)here may have been thinner and 
the volcanic outgassing rate hi^ier during die early hi^ry of 
the Earth (Hollaml, 1978). As a result, the CO2 content of the 
atxnoqihere may have been higher then. 

We now consider the way in whidi altered atmo^heres 
may have hdped to counter the lower solar luminoafy in the 
past and hence have prevented the Earth horn bang totally 
covered with ice. In order for this to occur, tl^re needs to be 
an au^oentation in the concentration of gases that are opti- 
cally active in the diermal infrared region. Sudi an augmenta- 
tion results in an enhanced greenhouse ^ect. Water vapor is 
m>t Me by itsdf to fill this role because its alxindance is deter- 
mined by its saturation vapor curve, however it will rou^y 
double the warming caused by the increase in another gas: the 
initial warming leads to more water vapor in the atmo^hcre 
and thus an even stronger greenhouse efl^. 

Three types of alters atmospheres have been mggested to 
counteract the lower solar luminoaty in the past: ones con- 
taining large amounts of hydrogen ( 1 bar) (Sagan and Mul- 
len, 1972), trace amounts of ammonia (few to tens of parts per 
million), and enham:ed amounts of CO2 (up to a 1000-fold in- 
crease) (Owen et aL^ 1979). Because hydrogen can readily 
escape from the i^p of the atmosphere, with the loss rate being 
proportional to its mixing ratio, it seems unlikdy that 
hydrogari was a major component of the Earth s atmosphere 
over any extended period, and hence the first of these altered 
atme^heres has a serious problem (Pollack and Yung, 1980). 
The trace amounts of ammonia cited above for the second 
modd are consistent with its large solubilit)^ in water. How- 
ever, at the above concentration, photodissociation by solar- 
UV radiation quickly will irreversibly convert NHj to N2. For 
example, the total N2 content of the present atmosphere can be 
generated from NH3 photolysis in only 10^ yr (Kuhn and 
Atreya, 1979). Furthermore, much of the initial N-containing 
gases may have been N2 rather than NH3, as indicated above. 
Conceivably, ways of shielding NH3 from solar-UV radiation 
can be found (see e.g.. Pollack and Yung, 19S0). But clearly, 
this second model faces serious difficulties. 

The third mcdel, the one involving enhanced CO2, appears 
to be the m 3st attractive one at present. The factors that con- 
trol the geochemical cycle of CO 2 are such that one can imag- 
ine ways in which much more CO 2 was present in past atmo- 
spheres of the Earth, e.g., an enhanced amount of volcanic 
outgassing, as mentioned above. Furthermore, the geologic 
record places only very loose constraints on the level of CO 2 in 
the atmosphere over the last 3.8 x 10® yr (H. D. Holland, 
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Harvard University, personal communication). Specifically, 
the abseiKe of alkali-containing carbonates implies that the 
CO 2 partial pressiire was less that about 0. 1 bar <^ring Uiis in- 
terval. Natu^y, it still remains lo be demonstrated that there 
were orders of magnitude more CO 2 in die Earth s atmo- 
sphere several biUion years ago than today (see Figure 5.4, 
whidi summaiizes the results of Owen et aL, 1979). 

An increased abundance of CO 2 in the past atmosphms of 
the Earth may have been due to the combination of the way 
the Earth*s interior has evolved with time and to feedbadc re- 
lationships betw^een surface temperature and the atmospheric 
mixing ratio of CO 2 . With regard to the fbrmar, we have al- 
ready cited the possibility of the Earth s lithosphere being 
thinner in the past. Such a possibility is indicated by mod^ 



FIGURE 5.4 One possible time history' of the partial pressure of 
CO 2 and the resulting variation in the mean surface temperature of 
the Earth. This figur? is based on the model proposed by Owen et al, 
(1979) to resolve the .solar-luminosity paradox. 


models of the temoerature history of the Earth's interior 
(Sdiubert et 0 /., 1979). An ntreme example of a feedback re- 
lationship between surface temperature and tl^ amount of at- 
mosplKric CO 2 is provided by considering a toUUy ioe-cov- 
ered Earth (Moroz and Mukhin, 1980). In this event, little 
chmical weathering of silicate rocb would occur and essra- 
tially no carbonate rocks would be formed. Hence, the CO 2 
content of the atmo^here would steadily rise as volcanoes in- 
jected new CO 2 into it. The surface tanpmture would in- 
crease, because of the enhanced greenhouse efiect, to die melt- 
ing point of water. Walker et al. (in press) have suggested a 
similar type of feedback process for an Earth dominated by 
liquid water. They suggest that weathering rates depaid 
monotonically on toth the partial pressure of CO 2 and tem- 
perature. Hence, a lowering of surface temperature leads to a 
higher partial pressure of CO 2 , in ordnr to ke^ the geo- 
chemical cycle in balance; in turn, the aihanced CO 2 results 
in a .stronger greenhouse effect, whidi partially counteracts 
the reduced temperature. 

It is worth noting that dianges in the CO 2 content of the 
Earth's atmo^here may not only have occurred secularly ov^ 
the entire history of t^ planet but may have also ocourred 
episodically in amounts that could have caused diorto-term 
climatic fluctuations. If, hypothetically, the outgassing rate of 
CO 2 was Rubied and the weatl^ng rate stayed the same, 
the CO 2 contrat of the atmo^here and ocean would douUe in 
only about 4 x 10^ yr (Walk^ et al., in press). The com- 
parable response time for the CO 2 rock res^voir is about 3 x 
10^ yr. Thus, dianges in the levd of volcanian and/or the 
characteristics of continents (total area, location, and topog- 
raphy) nay also have been accompanied by changes in the 
amount of CO 2 in the atmosphere and thus the globally aver- 
aged surface temperature. Changes in the CO 2 content of the 
atmosphere of a factor of 2 or more are required to produce 
sizable changes in surface temperature. For example, dou- 
bling the CO 2 cont^t of the preset atmosphere, as may oc- 
cur over the next several decades or cratury because of man's 
activities, would cause the surface temperature to increase on 
the average by several degrees Cdsus, with lar^r dian^ oc- 
curring in the polar regions. 

An enhanced amount of CO 2 in past atmospheres of Mars 
may be the means by whidi the surface temperature of that 
planet was increased to the mdting point of water, thus set- 
ting the stage for the formation of certain types of fluvial chan- 
nels on the older terrain (Pollack, 1979). Greenhouse calcula- 
tions suggest that about I bar of CO 2 is required, i.e., an 
amount that is a factor of 150 larger than the current atmo- 
spheric content of CO 2 and an amount that is comparable 
with the total quantity of CO 2 outgassed over the histoiy' of 
the planet (Pollack, 1979; Cess et al., 1980; Pollack and Yung, 
1980). Such a large partitioning of CO 2 into the early atmo- 
sphere of Mars is not implausible, since, in the absence of liq- 
uid water, the weathering rates there may have been much 
smaller than for the Earth. Indeed, the ultimate consequence 
of the large buildup of CO 2 — the occurrence of liquid 
water— may have brought about the demise of the large atmo- 
sphere through increased weathering. Because Mars is less 
massive than the Earth by a factor of about 10, its lithosphere 
may have thickened much more rapidly than the Earth'.s litho- 
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sphere, and, as a result, little recycling of CO 2 may have oc- 
curred for Mars (Pdlac^ and Yung, 1980). 


OSCILLATIONS IN ORBITAL AND 
AXIAL CHARACTERISTICS 

As a result of gravitational perturbations by die otl^ planets, 
most notably Jupiter and Saturn, the obliquity of the Eardi*s 
axis of rotation, t, and the eooentridty, e, of its orbit undergo 
quast-periodic variations. Also, the ori^tation of its axis 
steadily processes around the normal to its orbital i^ane 
because of solar and lunar torques. The diaracterisdc period 
over whidi f varies is 41,000 yr, with t varying between about 

22.0 and 24.5^ (its current value is 23.4°). The dominant 
period for e is 413,000 yr, with there also being a number of 
secondary periods clustered around 100,000 yr. e varies be- 
tween 0 and 0.06, with its current value bdng 0.017. The pre- 
cession period is 25,000 yr (Imbrie and Imbrie, 1980). 

Hie above astronomical variations result in seasonal * 
'atitudinal redistributions of solar energy, although 01 ^: a 
minor diang^ in the annually and ^obally averaged ^ar 
energy results (Pdlack, 1979; Imbrie and Imbrie, 1980)^;^: 
particular, the obliquity variations lead to a 10 percent peak- . " 
to-peak diange in the annually averaged solar insolation near 
the poles, and eccci city variations result in a 25 peroi^" 
peak-to-peak modulation in the summatime insolation in a 
given h^nisphere, with the two hemispheres being out of 
phase. These modulations may be particularly important at 
times when the continents in one hemisphere are marginally 
able to have ice sheds as a result of their location and the mean 
surface temperature. 

The last several million years have been characterized by a 
succession of alternating glacial and interglacial epochs. In- 
deed, the last major ice age, the Wisconsin, ended only about 

12.000 yr ago. Strong evidence that the above astronomical 
variations ;:re in part responsible for these ice ages is given by 
comparisons of the characteristic frequencies and phases 
found in well-dated sea cores with those expected from the as- 
tronomical theory (Hays et aL, 1976). In particular, periodsof 
4 1 ,000, 23,000, and 19,000 yr characterize certain climate in- 
dicators in the cores, which correspond quite closely to those 
expected from the obliquity variations and the combined ec- 
centricity-precession variations. However, there is still a good 
deal of uncertainty as to whether ^he dominant period of the 
cores, a 100,000-yr period, should be associated with the cor- 
responding eccentricity period. According to linear theories of 
the relationship between the astronomical variations and cli- 
mate, only the combined eccentricity-precession variable is 
relevant. Conceivably, the nonlinear response characteristics 
of ice sheet growth and decay permit the eccentricity alone to 
affect climate, altho ugh det.iils of the relationship need to be 
worked out (Imbrie and Imbrie, 1980). 

Regardless of the outcome of the above problem, the a.stro- 
nomical variatioas are at most a necessary, but rot a suffi- 
cient, cause of ice ages. Prior to .several million years ago for a 
time span of several hundred million years, no large continen- 
tal glaciations in subpolar and mid-latitude regions occurred, 
despite the occurrence of a.stronomical variations with about 
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the same amplitutks as those for the last several million years. 
In all probability, the drift of the continents toward the pdes 
set the stage for the Pleistocene ice ages and presumably for 
earlier ones as well (Pollack, 1979). 

The amphtude of the astronomical variations in eccentric- 
ity are set by the initial orbits of the {Janets in the early history 
of the solar 'vstem and is not expected to change in any agniH- 
cant way subseqi^itly (W. R. Ward, Jet Propulaon Labora- 
tory, personal communication). Howev^, the amplitucks of 
the obliquity variations dqiend on the relationship between 
the precession frequency, «p, and the diaractaistic hreqi^- 
des of the j^anetary perturfc«tions, « j. When Wp » 

I, the amplitudes of the obliquity variations are rdativdy 
small and can be significantly augmented only if decreases 
to a valix comparable with u>|. At present, the torque exerted 
by the Moon on the Eardi s equatorial bulge accounts for 
about two thirds of its precession rate, with the rest due to the 
Suns torque. During past epochs when the Moon was doser to 
the Earth, Wp was presumably larger and hence tl^ oUiquity 
'Rations were somewhat smaller. A dramatic ev^t may oc- 
c r in the future when the moon moves somewnat births 
fr m the Earth, utp will increase to a 50,000-yr period, becom- 
iii comparalde with one of the oi;. When that occurs ( - few x 
yr from now), the amplitude of the obliquity osdllations 
?wiil increase by more than an order of magnitude and & iot - 
mousdimatic changes will exx^ur (W. R. Ward, Jet Propulsion 
Laboratory, personal communication). 

It is hi^y unlikdy that the mean obliquity has varied sig- 
niHcantly over the age of the Earth. In principle, such a 
change could occur because of core-mantle coupling: the man- 
tle has a bigger bulge and is more strongly affected by the 
lunar and solar torques. Only very gradually dirou^ viscous 
interactions does the mantle drag the core along. Such a coup- 
ling would gradually decrease the mean obliquity with time. 
However, the time constant for the coupling may wdi exceed 
the age o£ the Earth. 

Because its Wp is comparable with some of the w,', the obliq- 
uity variations for Mars have a peak-to-peak amplitude of 
about 20°, i.e., almost an order of magnitude larger than that 
for the Earth (Ward, 1974). Furthermore, its eccentricity 
variations are about a factor of 2.5 larger than those for the 
Earth. These much larger astronomical variations for Mars 
may have played an important role in generating a quasi-peri- 
odic sequence of sedimentary layers in its polar regions (Cutts, 
1973; Pollack, 1979). These layers are believed to consist of a 
mixture of water ice and suspendable dust particles, with the 
astronomical variations modulating both the deposition rate 
and the ratio of the two constituents. For example, at times of 
low obliquity, the atmospheric prepare may drop because of 
absorption of CO 2 on surface dust grains (CO 2 is the dominant 
constituent of the Martian atmosphere). As a result, the fre- 
quency of dust storms may decline sharply (Pollack, 1979). 


COLLISIONS WITH APOLLO ASTEROIDS 

Apollo asteroids are smJI, stray bodiei whose orbits cross the 
orbital plane of the Earth. At present, iome 30 such objects are 
known, with diameters ranging from 0.2 to 8 km. Vv en al- 
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lowance is made for the large incompleteness of the telescopic 
searches for them, it is estimated that there are approidmatdy 
750 Apollo asteroids whose diameters exceed 1 km (W^herill, 
1979). 

It is inevitable that some of the Apollo asteroids will collide 
with the Earth; because of orbital perturbations by the plan- 
the smimajor axes of thdr orbits and the normals to their 
orbital planes process. As a result, every few thousand yeaj*s 
their orbits intersect that of the Earth. Almost all of tl^ timt^ 
the Apollo asteroid intersects the Earth's orbit when the Earth 
is not at the intersection point. But there is a well-defined, 
nonzero probalnlity for the Earth being at the intersection 
point, in which case the asteroid collides with the Earth. The 
average lifetime of a given Apollo asteroid before such a colli- 
sion occurs is about 2 x 10® yr (Wetherill, 1979). Hence, colli- 
^oiis with Apollo asteroids with diameters of 1 km or greater 
happen about once every 2.5 x 10^ yr (Wetl^ll, 1979) and 
with ones having a diameter of at least 10 km about once every 
10® yr. Because the current population of Apollo asteroids 
represents oik in whidi an equilibrium has be^ establislKd 
between losses throu^ collmons with {Janets and Section 
from the solar s^'stem and gains from objects added hrom the 
asteroid bdt and old cometary nuclei, the above collision fre- 
qiKiKies hold throughout most of the Earth's history. How- 
ever, during the first 7 x 10® yr of the Earth's history, the 
bombardment rate was probably orders of magnitude larger, 
based on our knowledge of lunar chronology (Hartmann, 
1972). 

A collision on land with an ApoB'^ object results in the crea- 
tion of a crater, whose diameter is abcut 20 times that of the 
impacting object and whose initial depth at the center of the 
crater is about one quarter the crater s diameter. The Apollo 
object is almost totally volatized, and a mass equal to about 
100 times that of the object is ejected from the crater. Some of 
the ejecta is highly comminuted rock, and this material may 
reach high altitudes and stay in the atmosphere for an ex- 
tended time. Much w^ater as well as pulverized rock may be in- 
jected into the atmosphere if the impact occurs in an ocean. 

While collision with an Apollo asteroid is clearly a cata- 
strophic event in the immediate vicinit>' of the impact, the 
more important issue is whether such collisions can perturb 
the climate in a significant way on a global scale. Som3 evi- 
dence that collisions with the largest Apollo objects ( — 10 km) 
had a profound impact on the global climate has been given by 
Alvarez et al. (1980). In an effort to detect the pre^^nce of ex- 
traterrestrial material in tne geologic record, they determined 
the abundance of the element iridium in sedimentary sections 
thet spanned the time period from the Upper Cretaceous through 
the Lower Tertiary. This element was chosen because its 
abundance in the Earth's crast is orders of magnitude smaller 
han its “solar abundance” value (presumably much of the 
Earth s iridium has been segregated to its deep intriior) and 
because very small amounts of it can be accurately measu»’ed 
with neutron activation techniques. Alvarez et al. (1980) 
found very large enhancements of the concentration of irid’ 
ium in the acid insoluble clay fraction at precisely the Creta- 
ceous-Tertiary bourdary (.see also Chapter 8). An enhance- 
meiil factor of 30 and 160 characterized sections from Italy 
and Denmark, respectively. 


The above result is of considerable interest because the ir- 
idium anomaly occurs precisely at the point in the geologic 
record where mass extinctions, including those of the dino- 
saurs, occurred 65 million years ago. Thus, the extrat^restrial 
event re^nsible for the iridium enridiment may have been 
responsible for the extinction. A stq>emova origin for die en- 
ridunait was ruled out because no observable amount of ^Pu 
was detected and because the isotopic ratio, ^®Ur/*®®Ir, was 
essentially identical to tlK terrestrial one. The airiduneit was 
attributed by Alvaro et at, (1980) to an impact of a 10-km 
Apollo asteroid, whose iridium abundance was presumably 
comparable with the solar-abundance value. The above size is 
consistent with both the total amount of iridium found and the 
expected .requency d sudi collisions. 

Alvarez et a/. (1980) offer the following scenario for the 
manner in whidi an impact of a large Apollo object could have 
resulted in the extinction at the Cretaoeous-T^tiary boun- 
dary: Some fraction of the ejecta was very fine dust, which 
reached the stratosphere and r^nained there for 3 to 5 yr, by 
analogy with the large enhanc^aent of the stratoqiheric 
aerosd population fdlowing the Krakatoa volcanic exjdosion. 
So mudi dust was placed in the ^atoq[diere by the ApoUo im- 
pact event that essentially no sunli^t reacted the surface for 
the next 3 to 5 yr. As a result, photosynthesis ceased for this 
time period, causing whole food diains to collapse and leading 
to the extinction of organisms dependent directly or indirectly 
on living plants and plants, sudi as phytoplankton, that lacked 
seeds or thdr equivalent. Unfortunatdy, the above scenario 
rests on a misunderstanding of the enhanc^ent of the 
stratospheric aerosol population following the Krakatoa 
event: the fine dust remained in the stratosphere for only a 
month or two, with almost all of e subseqeenl p^rtui'bation 
being due lo the slow conversion of injected sulfur ^Ases to 
sulfuric acid aerosols (Lazrus et al,, 1971; Pollack et al., 197^). 
Nevertheless, it is quite clear that study of the various effects 
that accompany the impact of a large Apollo object — 
changes in atmospheric temperature and ozone abundance as 
well as opacit>' — is a fruitful topic of research and that it may 
have relevance to the extinction of the dinosaurs as well as 
possibly other similar occurrences. 


PASSAGE THROUGH DENSE 
INTERSTELLAR CLOUDS 

The density of liie interstellar medium of ga,s and dust varies 
considerably, with gi*s densities ranging from about 1 atom or 
molecule/cm'^ to about 10® atoms or molecules/cm .\s a very 
crude approximation, about 1 percent of the mass is parti- 
tioned into solid grains, whose characteristic size is about 0.1 
^m. During the course of its motion around the galactic cen- 
ter, the solar system may pa.ss dirough a spiral arm, in which 
dense interstellar clouds are preferentially located and, in the 
process, encounter one or several dense clouds. Hydrogen is 
the most abundant clement in the interstellar medium, with it 
being principally in the form of molecular hydrogen in the 
dense clouds, Below% we briefly consider the possible climatic 
consequences of accretion of molecular hydrogen by, alterna- 
tively, the Sun and the Earth. It Ls to be noted that, even dur 
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ing the passage through a region having a density of 10^ 
H 2 /cm^, the opacity of dust grains between the Earth and the 
Sun is sufficiently small so as not to cause a noticeable reduc- 
tion in the solar flux at the orbit of the Earth. 

Hoyle and Lyttleton (1939) and McCrea (197o) have con- 
sidered the effect on the Sun's luminosity of its accreting 
molecular hydrogen during the solar system's passage through 
a dense interstellar cloud. The Sun's luminosity increases at 
such times because of the rdease of gravitational energy by the 
accreted matter, witi> the amount of enhancement being pro- 
portional to the rate of accretion and thus the density' of the 
doud. For typical velocities of the Sun relative to the interstel- 
lar medium (about 5-25 km/sec), McCrea (1975) finds that 
doud densities of about 10® to 10^ H 2 /cm® are required in 
orckr to increase the Sun's luminosity' by 1 to 100 percent. 
Otklly enough, the increased luminosity' is invoked as a means 
of triggering an ice age, in accord with a theory of Sir George 
Simpson. Whereas Simpson's theory is not currently widely 
hdd, there is no doubt that ar increase in the Suns luminosity 
of 1 percent or more would oe climatically significant. Mc- 
Crca (1975) claims that the solar sy'stem passes through an in- 
terstdlar doud whose density' exceeds 10® H 2 /cm® at interv'als 
of about 10® yr. However, more recent considerations of the 
properties of the interstellar medium by Talbot und Newman 
(1977) indicate that tl^ above interval may be significantly 
longer, in which case accretion of interstellar matter by the 
Sun may not have climatic relevance. 

The statisdeal analysis of Talbot and Newman (1977) indi- 
cates that the Earth passes through an interstellar doud with a 
density of 10® H 2 /cm® about once every 3 x 10® yr. McKay 
and Thomas (1978) have examined the possible chemical and 
climatic consequences of the Earth accreting H 2 from such a 
cloud. During such time, the duration of which is about 10® 
yr, tte solar wind is confined to within tl» Earth's orbit and 
the Earth accretes H 2 at a globally average rate of about 7 x 
10® H 2 /cm^/sec. This value may be compared with the present 
rate of 10® H 2 /cm^/sec at which H is escaping from the top of 
the Earth's atmosphere. According to McKay and Thomas 
(1978), the interstellar H 2 molecules are thermalized and dif- 
fuse down to an altitude of 140 km, below which they are de- 
stroyed by reactions witli O, leading to the formation of odd- 
hydrogen compounds, including H, H 2 O, OH, and HO 2 . 

There are several possible majo* effects of the above flux of 
H 2 into the Earth's atmosphere and its subsequent chemical 
conversions (McKay and Thomas, 1978). First, the iono- 
spheric F-region may be largely destroyed owing to the great 
^ici ;ncy of H 2 in affecting electron recombination. Second, 
there may be a substantial depletion of ozone at altitudes 
above 50 km owing to the great increase in the abundance of 
odd-hydrogen species, which dominate the catalytic destruc- 
tion of ozone there. Third, and most important, there may be 
a large increase in the water-vapor mixing ratio near the meso- 
pause (about 100 ppm), which may engender the appearance 
of a dense, global cloud of water and ice in the upper meso- 
sphere. At present, only a very thin ice cloud occurs near the 
mesopause, and it is located only in the polar regions. Accord- 
ing to McKay and Thomas’s calculations, the optical depth of 
the enhanced mesospheric ice clouds reaches a value on the 
order of 0.1, resulting directly in a decrease in the globally 
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averaged surface temperature of about 1®C. They claim that_ 
such a cooling may trigger an ice age. However, as noted earr 
Her, the position of the continents plays an important role in 
setting the stage for ice ages. The probability of the Earth pass- 
ing through 1 dense interstellar cloud when the continents are 
properly aligned is extremely small. Nevertlieless, the above 
cooling is still climatically 5i<^ficant and merits further 
study. Finally, the above chemistry and its consequences ap- 
ply to times when oxygen was present in substantial quantities 
in the Earth’s atmosphere and, thus, is not relevant prior to 
about 2 X 10® yr ago. 


SUPERNOVA EXPLOSIONS 

Supernova explosions are cataclysmic events in the lives of 
some stars whereby their outer envelopes are ejected at high 
velocities into space. During the first hundred da>^ or so 
following the explosion, tlie light output from the supernova 
exceeds by many orders of magnitude that of the pre-plosion 
star, and it spans a broad range of the electromagnetic spec- 
trum. In addition, a large flux of cosmic rays accompanies the 
expanding envelope or supernova remnant. 

The climate of the Earth may be affected by a nearby super- 
nova explc^on, principally through its effects on the ozone 
layer. Ruderman (1974) suggested that the terrestrial ozone 
layer would be severely depleted by both the gamma rays gen- 
erated during the early phases of the supernova event (approx- 
imately first 100 days) and by the cosmic rays generated in the 
envdop of the remnant, when they swept past the Earth. 
How'ever, Whitten et al, (1976) have pointed out some signifi- 
cant revisions to Ruderman’s proposal brought about by 
newer astrophysical data and have carried out a more detailed 
calculation of the possible ozone reduction. They suggest that 
the amount of energy contained in the gamma-ray porti'^rj of 
the supernova's spectrum is too small to affect the czone layer 
appreciably and that the cosmic rays contained in the super- 
nova envelope are chiefly due to the trapping of cosmic rays 
from the interstellar medium. As a consequence of the latter, 
the Earth is exposed to an enhanced level of cosmic rays over a 
longer period of time (about 10^-10** yr) than suggested 'by 
Ruderman. 

The amount of ozone in the atmosphere is reduced by the 
cosmic rays because of their producing large quantities of ni • 
trogen oxides in the stratosphere, which act to destroy the 
ozone catalytically. According to the calculations of Whitten 
et al. (1976), ozone reductions of 20 and 50 preent result from 
enhancements of the cosmic-ray flux at the Earth of factors of 
10^ to 10®, respectively, which can be expected from super- 
nova explosions situated 10 and b parsecs from the Earth. Such 
reductions will increase the amount of potentially biologically 
damaging solar-UV radiation reaching the Earth’s surface and 
will affect the atmospheric temperatures, as indicated below. 
However, Whitten ei ah (1976) estimate that the mean inter- 
val between such nearby supernova explosions is about 2 x 
10® and 2 x 10^® yr for the 20 and 50 percent depletions, 
respectively. 

Hunt (1978) has calculated the effects of the reduction in 
ozone on the atmospheric temperature structure. He finds that 
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temperatures in the stratosphere are reduced by 5 and 11®C 
and surface temperatures are reduced by 0.1 and 0.3°C, by 
ozone reductions of 20 and 50 percent, respectively. He also 
points out that the large t^*mperature changes in the strato- 
sphere may affect the troposphere through dynamical cou- 
I^ing of these two regions. 


CONCLUSIONS 

Of the various factors discussed above, the ones that would ap- 
pear to have most profoundly infected the Eartli's climate dur- 
ing the pre-Pleistoo^ie peridir^e changes in the solar output 
due to long-term (about 10^ yr), evolutionary effects, long- 
term changes in the composition of the terrestrial atmosphere, 
and impacts by large Apollo asteroids. The first of these fac- 
tors tended to cause a progressive cooling with increasing time 
into the past, which may have been counteracted by the sec- 
ond factor. Large increases in the carbon dioxide content of 
the early Earth appears to be the most promising means of en- 
gendering the desired enhanced greenhouse effect. In addi- 
tion, episodic variations in the carbon dioxide content of the 
atmo^here appear to be possible due to variations in tectonic 
processes, with shorter-term climatic oscillations accompany- 
ing these changes. Collisions with 10-km-sized Apollo objects 
about every 10® yr may have been the determining factor for 
the mi 5 extinctions that characterize the geologic record, al- 
though details of the mechanism for this relationship need to 
be worked out and additional cores need to be studied. 

The finding that climatic changes have occurred on ether 
solar system objects, particularly Mars, adds a new and im- 
portant dimension to studies of long-term climatic chftng«s on 
the Earth. Furthermore, some of the same climatic factors 
that are importai "ir the Earth also appear to have been in- 
volved in these extraterrestrial climate changes. 
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INTRODUCTION 

For about two and a half billion years the Earth's surface 
temperatures have been near the transition between water in 
its three phases: ice, liquid, and vapor. During thir long span 
of time, ice has accumulated to form huge glaciers on the con- 
tinents from time to time, separated by intervals when they 
dwindled and disappeared (Figure 6.1). Here we examine 
briefly the f'jologic documentation of the record of waxing 
and waning of continental glaciers and discuss hypotheses to 
explain the ice ages. 


NATURE OF THE GLACIAL RECORD 

Glaciers scour into hard rock and cut characteristic land- 
forms such as U-shaped valleys, stoss and lee shapes, and 
roches moutonn^. In addition, the surfaces of these land- 
forms are scratched by stones frozen fast within the ice as the 
glacier inexorably scrapes across bedrock. Such landforms 
along with faceted and striated stones, after the ice has long 
melted, have been confidently identified beneath sedimen- 


tary rock as old as 2200 million years (m.y.). They provide 
convincing evidence of glaciation and have been identified in 
association with strata of all the major ice ages on Earth 
(Figure 6.1). 

Such surfaces are at places overlain by unsorted mixtures of 
blocks, stones, sand, and mud, which, when hardened into 
rock, are known descriptively as diamictite (or mixtite). If 
diamictite is closely associated with ice-sculptured landforms 
and pavements, and especially if it also contains glacially 
faceted ar d striated stones, it is interpieted genetically as con- 
solidated glacial moraine or till (tillite). In contrast, beds and 
lenses of diamictite are formed where unsorted debris slides 
downslope into a sedimentary basin from nearby sources and 
is in no way £Ls.;ociated with glaciers (Crowell, 1957; Dott, 
1963). The interpretation of diamictite as tillite and the 
recognition of its glacial origin involve the reconstruction of 
paleogeography based primarily on the study of associate 
stratal facies. Whsre did the ice lie with respect to outwash 
plains, river systems, shorelines, and the sea? Observations 
from widespread outcrops are interpreted to reveal th? geog- 
raphy over a large region. They must come from beds that are 
close time equivalents. Distinction is also needed between 
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FIGURE 6.1 Occurrence in time of ancient i=e ages plotted linearly, to two scales. O, Ordovician; 3, Silurian; D, Devonian; C, Carboniferous; 
P, Pernuan; Tr, Triassic; J, Jurassic; K, Cretaceous; T, Tertiary. 


huge continental ice sheets, smaller ice caps, piedmont ice 
sheets or aprons, and alpine glaciers confined to niountain 
ranges. 

Where glaciers reach the sea, icebergs calve and float 
av/ay, carrying within them clots of debris including large 
boulders. This debris drops to the seafloor when the ice melts 
and may accumulate in an environment where currents are 
weak and where thin-bedded or laminated depodts are being 
laid down. Ancient deposits of laminated shales with sporadic 
large stones, or clots of unsorted debris, may therefore be 
properly interpreted as the result of rafting. If these drop- 
stones in turn are large and angular and are composed of 
mixed rock types carried from great distances, and especiallv 
if some of them are glacially faceted and straited, we can in- 
fer that the rafts were thick icebergs from calving glaciers 
rather than thin sheets of shore ic'e or sea ice. Root mats and 
kelp holdfasts may also raft oversized stones and debris to en- 
vironments of laminated deposition but arc not so efficient as 
ice. In the Precambrian, however, plants did not yet exist, .so 
ice rafting is confidently inferred. 

Another sedimentary facies indicative of glaciation consists 
of thick deposits of massive diamictite containing widely dis- 
persed stones. The stones may have been emplaced either by 
rafting or by downslope mixing. If mme of these stones are 
glacially faceted and straited, it is especially reassuring for 
the glacial interpretation. Such deposits accumulated around 
the margins of Antarctica in the Ro.ss and Weddell Seas dur- 
ing the late Cenozoic. Here glacial detritus is deposited in 
v/alcr deepening irregularly toward the deep sea and in part 
bent ath ice shelve^; extending seaward from the eroding land 


(Kurtz and Anderson, 1979). Similar facies are identified in 
Late Paleozoic strata in the Falkland Islands, in the southern 
Cape Ranges of South Africa, in the Sentinel Range of Ant- 
arctica, and in Precambrian strata of the western United 
States (Crowell and Frakes, 1975; Blick, 1976). 

Features preserved within me sedimentary strata range 
from those features clearly indicative of glaciation where ero- 
sion and depo‘^ition occur directly beneath glaciers in contrast 
to features at great distance from the glaciers tl^emselves. 
Near-glacier features such as eskers, kettle holes, englacial 
and subglacial stream deposits, and patterned ground formed 
by seasonal freezing and thawing in terrains marginal to gla- 
ciers, for example, are identified in some ancient rocks. Some 
features, however, are difficult to interpret. Twisted and 
folded sand lenses within massive diamictite may have 
formed either by the bulldozing of an advancing glacier or by 
sliding down submarine slopes where nearby glaciers played 
no part. Continuing research on the modern and Pleistocene 
glacial and periglacial environments will help in characteriz- 
ing ancient environments. 

Studies of the Late Cenozoic Ice Age, both of the land rec- 
ord of the advance and retreat of ice sheets and of the distri- 
bution of ice-rafted debris in deep-sea cores, provide helpful 
clues in interpreting the more ancient rock record. Ice-rafted 
drppstones uod debris have been recovered from the middle 
latitudes of all oceans. The conclusion follows that currents 
can carry icebergs great distances. Debris now dropped from 
melting icebergs on the Grand Banks south of Newfoundland, 
for example, have drifted in currents mainly from v/er\ 
Greenland glaciers. The nearest land (N. vfoundland ana 
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Nova Scotia) is not the source because at present these regions 
are free from ice caps. Ancient strata containing glacial drop- 
stones demonstrate the existence of glaciers somewhere. If the 
beds can be dated adequately, the timing of the glaciation 
can be determined, but the ice source can be located with 
confidence only when much is known about tlie paleogeogra- 
phy and the patterns of ancient ocean currents. This con- 
fidence will depend in turn on confidence in our environmen- 
tal interpretations from the strata, on our regional tectonic 
reconstructions, and on our ability to correlate strata over 
great distances so that we are dealing with relatively synchro- 
nous shreds of data. As we go back farther and farther into 
the past, strata containing the evidence have been eroded 
away or covered up, or deformed and metamorphosed, so 
that the older tlie beds the less able we are to deal with time 
synchroneity and the less confidence we have in our recon- 
structed geography. 

In examining the record of ancient ice ages, it may be diffi- 
cult to distinguish between continental ice sheets, ice caps, 
and mountain glaciers. Tectonic reconstructions may indi- 
cate that plate convergence took place near the preserved 
strata, and so we may infer with confidence that alpine gla- 
ciers prevailed. Such a situation exists today along the coast of 
Alaska, where glaciers in high mountains next to the sea 
debouch debris onto a narrow coastal shelf and then se^.waid 
into deep sedimentation troughs. If, on the other hand, the 
record lies at the margin of a shield area, and deposition took 
place within a sedimentary prism marginal to it, an ice sheet 
is more likely. This situation existed around the periphery of 
the Scandinavian ice caps during the Pleistocene Epoch. Clast 
types within the diamictites or dropstone facies may also be 
helpful in such interpretations. Shields yield mature sedimen- 
tary rocks from a variety of granitic, gneissic, migmatitic, 
and similar sialic types; arcs rising inboard on continents 
from a convergent plate boundary are likely to yield calc- 
alkaline volcanic and granitic debris to make immature 
sediments. The regional tectonic environment must therefore 
be reconstructed carefully as the glacial record is evaluated. 

In working out the timing of such paleogeographic recon- 
structions, stratigraphic methods are first employed to find 
the age of the beds that contain the glacial record. For 
Phanerozoic beds, fossils are useful, but fossils w ithin glacial 
beds are rare at best and may have been reworked from older 
deposits. The strata that are indisputably glacial are usually 
terrestrial and only locally contain marine fossils, which are 
most helpful for worldwide correlation. The strata lying 
above pavements scoured b / glaciers are probably those laid 
down as lodgment till as the glaciers dwindled and retreated 
and as the sediments encroached landward across previously 
glaciated terrain. Their age will therefore document the end- 
ing of the glaciation rather than its maximum or its begin- 
ning As an ice cap grows into a widespread ice sheet, the 
.sediments brought to its margin are quickly worked over by 
outwash streams before reaching the sea. Sediments laid 
doA^n at the same time, but at a distance within a basin 
where the seoimentary record is more complete, will contain 
little if M'ly ?i.'*print of he glaciation. Slones and sand grains 
have tk«n worn by river, beach, and marine processes so that 


no vestige of the glacial history may remain. Only when an 
ice sheet has grown so that tongues of ice reach the sea will 
icebergs calve to drift away in currents, to leave on melting a 
record within a distant sedimentary section. Sedimentary sec- 
tions peripheral to glacial centers therefore need special 
scrutiny. In fact, since the direct evidence of contii^ntal 
glaciation is sparse at best, we need to employ indirect obser- 
vations such as results from changes in sea lev^ and attempt 
to interweave arguments from many sources, including 
paleomagnetism, as we reconstruct the geography during an- 
cient ice ages (Crowell, 1978). 


ICE AGES THROUGH TIME 

Ice ages on Earth are first documented about 2300 m.y. ago 
(Ma), followed by an immensely long interval of about 1300 
m.y., when, so tar as we now know, none took place (Figure 
6.1). Several glaciations occurred in the Late Precambrian 
and several during Paleozoic time until the Late Permian 
about 240 Ma. Continental sheets then disappeared and 
only began to wax again beginning about 25 Ma. We are still 
living during an ice age, but during one of the mild intergla- 
cial fluctuations within it. Continental glaciers have there- 
fore come and gone on the Earth (Hambrey and Harland, 
1981). 

An early widespread glaciation between 2500 and 2100 Ma 
is documented in what is now southern Ontario, and the ice 
sheet may neve reached as far as southern Wyoming (Young, 
1970). In Canada, the Iluronian glacial sequence includes 
several tillite horizons and dropstone facies and locally 
overlies a striated pavement. In South Africa a similar glacia- 
tion may also be recorded (Visstr, 1971), but investigations 
have not gone far enough to demarcate paleogeography, and 
the dating is uncertain— somewhere between 2720 and 2200 
Ma. Possible tillites are also reported from western Australia 
(Trendall, 1976), At present we can be reasonably sure that 
glaciation affected North America and perhaps other distant 
regions between 2700 and 2100 Ma but probably not continu- 
ously for this entire time, a span of 600 m.y., which is as long 
as all of Phanerozoic time. There may have been several gla- 
ciations during this long interval, and outstanding questions 
remain, concerning not only the nature, extent, and timing of 
these most ancient of recorded ice ages but also why there is 
no record of continental glaciation during the ensuing billion 
years. 

In the late Precambrian, continental glaciation flourished 
intermittently from about 950 Ma to about 560 Ma (the be- 
ginning of the Paleozoic) (Harland and Herod, 1975; 
Williams, 1975). During this interval of about 400 m.y., ice 
sheets lay upon all ^he continents (with the possible exception 
of Antarctica) and at places waxed and waned more than 
once. Unfortunately, dating through either fossils or isotopic 
methods is uncertain so that we do not know whether distant 
strata are of the same age. Data now in band, however, sug- 
gest thret' glaciation peaks: one about 940 Ma, another near 
770 Ma, and a third near 615 Ma (Williams, 1975). Two of 
the three glacial culminations are recorded within the satTiC 
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stratal sequence in regions around the present North Atlantic; 
in central and southwestern Africa; and in Brazil, vestern 
North America, and Australia. 

Near the end of the Ordovician Period, and lasting into the 
Silurian, continental glaciation left an incontrovertible im> 
print on Gondwana, especially in northern Africa (Beuf et 
aLt 1971). The record extends in scattered localities from 
northern Europe to South Africa and from the Saharan re- 
gion to Bolivia and Peru (Harland, 1972; Frakes, 1979; 
Crowell et at,, 1980). This refrigeration was introduced by 
cold-water faunas of Early Ordovician age in northern 
Europe, culminated during the latest Ordovician (Ashgillian) 
in S^aran regions, and then reached into Andean South 
America during the Early Silurian (Wenlockian and part of 
Ludlovian). This ice age is therefore recorded over a time 
span of about 50 m.y. between 400 and 450 Ma. In addition, 
probable glacial sediments of mid-Devonian age (about 365 
Ma) are reported from the Amazon Basin (Caputo et cL, 
1972). 

The Late Paleozoic Ice Age, recorded on all Gondwana 
continents, lasted for about 90 m.y., from 330 to 240 Ma 
(Crowell and Frakes, 1970, 1975; Crowell, 1978). It began in 
South America, culminated over much of Gondwana, and 
ended in Australia. On each continent the glacial record is 
preserved around the margins of deeply eroded sialic shields 
and within local basins. In Au$tra4a, six or more ice centers 
are suggested, but paleontological control does not allow de- 
termining whether they vere all flourishing at the same time 
or at somewhat different times. In Antarctica, glaciers pri- 
marily lay adjacent to the now Transantarctic Mountains and 
also just south of the Sentinel Range. In Africa, several ice 
lobes reached into South Africa and Namibia from the in- 
terior, and farther north ice extended into the Congo Basin 
from the east and also occupied the •vicinity of Gabon. On the 
east, lobes extended into southern Madagascar. In South 
America, ice tongues from Africa reached into Brazil and 
Uruguay and left a convincing and detailed record in the 
Parana Basin. Centers also accumulated over Paraguay and 
adjacent Bolivia, the Pampean Ranges, at several places in 
Argentina, and in the Falkland Islands. In Asia, ice caps bor- 
dered several of the basins in northeastern and central India 
and along a belt marginal on the south to the present Hima- 
layan Ranges and were sited as far northwest as central Paki- 
stan. In the Verkoyansk region of northeastern Siberia, mid- 
Permian beds may also record refrigeration. Although the 
record of the Late Paleozoic gl-^ciation is widespread it is 
likely that ice caps came and went during the long span of 90 
m.y. inasmuch as sea level was not drastically lowered, as 
would have been the case with one huge ice cap. Moreover, 
cyclic sedimentation (cyclothems) o.i distant continents, as in 
North America and Europe, suggest that slignt fluctuations in 
sea level were caused both by the waxing and waning of ice 
caps and by the replacement by new ice centers as old ones 
melted away. 

The Late Cenozoic Ice Age began .slowly and locally in the 
Paleogene with the growth of the Antarctic Ice Cap, and by 
early-Miocene time, about 22 Ma, worldwide refrigeration 
had set in (Frakes, 1979, p. 223). Cooling aintinued, so that 


by 3 Ma sea-levcl glaciation is recorded in Iceland ami within 
cores recovered from the floor of the Labrador Sea. The pat- 
tern of ice sheets around the Arctic and reaching soudiward, 
so characteristic of the Pleistocene Period, had already 
developed. 


CAUSES OF GLACIATION 

Explanations for ice ages fall into two groups: those based on 
extraterrestrial influences and those resulting from changes 
on Earth itself (Crowell and Frakes, 1970). Variations in 
solar radiation conceivably could cause glaciations, but as yet 
there is no evidence that fluctuations in solar heat output 
have been greater than a few percent (Jerzykiewicz and Ser- 
kowski, 1968). Heat arriving at the Earth might also be re- 
duced if the Earth were to pass through a dust doud, but 
there is no evidence for this either. Although we do not yet 
understand the extent of normal variations in the Sun's heat 
flux, we must at present look to changes on Earth for the 
basic causes of ancient ice ages. 

Variations in the geometry and mechanics of the Earth- 
Sun system are now well estabii^ed (Broecker, 1965; Imbrie 
and Imbrie, 1980). The precession of the equinoxes with a 
period of about 21,000 yr, changes in the obliquity A the 
ecliptic over 40,000 yr, and variations in the eccentridty of 
tfie orbit over about 96,000 introduce climatic variations 
that are detected in the Late Cenozcic record and largely ac- 
count for the glacial and interglacial stages. Such orbital in- 
fl'iences cn the amount and pattern of distribution of heat 
received by the Earth have certainly operated back into the 
readable geologic past. They are considered here as part of 
the noise superimposed upon changes taking place on the 
Earth itself. Whether tliere are significant longer cycles seems 
doubtful at present. The record of ancient ice ages as plotted 
in Figure 6.1 apparently is too irregular to C' in effects of 
some cosmic cycle. 

The changing arrangement of continents has long been ad- 
vocated as influential in bringing about climatic change in- 
cluding glaciation and with the evolution of the concepts of 
plate tectonics has received new attention (Crowell and 
Frakes, 1970). With continents in polar or subpolar sites, and 
otherwise appropriately located so that uplands acrete snow 
from year to year to build up an ice cap, glaciation ensues 
Studies in paleomagnetism shov;' that during the Paleozoic, 
for example, continents with a record of glaciation also occu- 
pied a high-latitude position (McElhinnv, 1973). As the 
united supercontinent of Gondv ma drifted across the south 
poles, glacial centers roughly followed the migrating poles. 
Despite incompleteness of paleomagnetic data and contro- 
versy concerning interpretation, recently published apparent 
wander paths (Figure 6.2) cross glacial sites in chronological 
order throughout the Paleozoic Era (Morel and Irving, 1978). 
^nr glaciations curing the Paleozoic and Late Cenozoic, the 
polar hypothesis is supportable. 

Between Late Permian and Late Paleogene times, how- 
ever, there is no record of continental glaciation, even though 
Antarctica occupied a position at or near the south pole. Dur- 
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FIGURE 6.2 Apparent polar wanckr path for Condwana for \hs 
Paleozoic Era. B^rawn and ^mf^ified Wn Mord and Irving (1978, 
Figure 1). Glacial strata, with ages appropriate to the apparent polar 
wand^ path, are shown with black triangles. Data on occurrence of 
glacial strata from many source?;. X, alternative path. The dose 
association of the glacial beds to the south polar position, for the dif- 
ferent geologic periods (as indicated by the letters as in Figure 6.1), 
supports the conc^t that continental ice sheets dev'doped when their 
sites were in near-polar posl^ ons. 


ing most of this long ixit^rval the north pole lay within ar 
Arctic Ocean or miarby and in a position not too diffeient 
from that of today (Smith and Briden, 1977). Other factors 
therefore must have played a role in accounting for tht- lack 
of glaciation. Among these are sea*levei changes. With 
marked rai.sing of sea level so that continents are widely 
flooded, the albedo of the Ear^h is reduced, with the result 
that the Earth i^ warmed. Perhaps this is related to a speeding 
up of seafloor spreading (Piti'.ian, 1978). In addition, during 
the Mesozoic Era, continents were arranged differently from 
that before and after so that the oceanic circulation followed 
diFerent paths in lx)th low latitudes and high latitudes. These 
changing continental arrangements in turn affected the heat 
exchange between the equatorial iegions and the polar re- 
gions. With warm water in high latitudes, evaporation is fa- 
cilitated so that snow on nearby continental sites is enhanced 
(Crowell and Frakes, 1970). When the continents are ar- 
ranged so that th? latitudinal flow is reduced and longitudi- 
nal flow enhanced, a different paU ^rn of heat exchange be- 
tween e(|uatorial and polar regions follows. 

The air-ocean system that controls climate on land is com- 
plex and beset with feedbacks. Many interrelated factors in- 
terweave to accK)unt for climate, and hs these factois change, 
so does the climate. For example, the Earth s albedo will rise 


wl^n clouds are but the average l^np^ahire at the 

surface may increase because Uai^aed iiAared riuilation* 
Albecfo will incr^tse whm Inland seas are and whm 

the ground is mow covoed in the mlMe ladtucfe^ 

Back in rime for the la^ half bilUon ytm the idr-ooean- 
continent apparently operated dymmUMy as U does 
today, althou^ we still do not undersriUKl the cm^eic 
weaWng of the many forcing factors* Bade that far the record 
of climate and life on Earth, including ^adatlon, be ex- 
plained in terms of processes operating today, in iMrly ihe 
same balance, but with still ill-(^ned variability. In the late 
Preaunbiian, howevt^. a body erf evidence from paleomag^ 
nerism su^ests that continental jactation oocun^ at low 
latitucfos (Tarling, 1974; McWilliams ai^ M^Uhlnny, 1^), 
for which as yet no satisfactory explanation has com forth. 
In fact, an important reason for studying die dimatic Idstory 
diulng the long interval of recorded Earth history Is to docu- 
ment the extreme ranges in flucuations erf the air-ocMn- 
continent system. Documentation of this record will then 
provide mankind with better und^anding erf the causes of 
variations, including those to be expected in die future. Such 
investigations will aid significantly in arriving at a sat^ac- 
tory theory to explain climate and espedally dimate change. 
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INTRODUCTION 

Studies of climate frequently involve identifying a plausible 
forcing medianism (e.g., solar fluctuations), hypothesizing 
the response, and attempting to verify^ the hypothesis with 
data. This is difficult because the mechanisms are many and 
frequently small in amplitude, the response complex, and the 
data meager. For changes in oceanic mixing on the geologic 
time scale, a significant forcing function has been the change 
in area, location, and configuration of marginal seas due to 
plate-tectonic motions and eustatic sea level fluctuations. The 
hypothesized response is that these changes influence the for- 
mation of oceanic deep water and cause the thermohaline cir- 
culation of the ocean to differ substantially from one age to 
another. We suggest that during much of the geologic past (es- 
pecially in the late Cretaceous) bottom water \/as produced 
by the sinking of warm, salty water formed by evaporation in 
low-latitude marginal seas rather than by the sinking of cold 
water formed in polar and subpc'ar marginal seas. The possi- 


bility- of the formation of warm saline bottom water (WSBW) 
and its role in climate was first suggested, to our knowledge, 
by Chamberlin in 1906. 

We begin by discussing thermohaline circulation and the 
formation of oceanic deep water and suggest that marginal 
seas play a dominant role in deep water formation as well as in 
determining the characteristics of deep water. In the next two 
sections w e present a simple model that provicks a corK^tual 
framework for evaluating the potency of marginal seas as 
deep-water sources and for understanding the formation of 
WSBW. The substantial geologic evidence for the occurrence 
of WSBW is the topic of the fourth section. We then show that 
paleogeography indicates that the configuration of marginal 
seas was favorable for the formation of WSBW at those times 
in the past w^hen there is evidence in the geologic record (pre- 
sented in fourth section) for the occurrence of WSBW. Fi- 
nally, we present discussions of the consequences of WSBW on 
oceanic and atmospheric chemistry and on the climatic conse- 
quences of WSBW. 
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THERMOHALINE CIRCULATION AND 
DEEP-WATER FORMATION 

Tharmohaiineclrci^ation ts generalh* taken to be that circula- 
tion drivoit by dexekty dl(f»«ices imposed at the ocean surface 
by intwaction with the atmo^ihere. The bulk of the present 
ocean is filled with water from only a few source regions re> 
stricted surface areas (e.g., the Noiw^egian Sea, the WedddI 
Sea, the Mediterranean Sea, and the Red Sea-Persian Gulf). 
This is v’eiilied b>* die fact that these deep waters essentially re- 
tain diaraetaristics of their source regions. Sim^de box modds 
using both radiocarbon and staUe tracers (see Broedcer ei el., 
I960; and Bolin and Stommel, l96I) yield estimates of the res- 
idence time the deep w^ater of about 1000 yr. If the ocean ts 
assumed to be in a quasi-steady state (i.e., changes, if any, oc- 
cur on time scales much greater than 1000 yr), the sinking of 
deep water in a few small regions must be compensated for by 
rather slow upivdling in the bulk of the ocean. If this upwdl- 
ing w’ere uniformly distributed (which It almost certainly is 
not) the upwelling \^octt>% based on the 1000-yr residence 
time, would be on the order of a few meters per year. In the 
present-day ocean the upwelling of dense, cold, deep w^ater 
must be compensated for by a downw'ard diffusive flax of neg- 
ative buoyancx^ (heat in the present-day ocean) if the ocean is 
in a steady ^ate. 

Because of the small spatial scales and temporal variabilitx* 
of convective processes such as deep-water formation, there 
are few' direct observations of deep-w'ater formation. Further- 
more, the small magnitude of the upwelling velocity precludes 
its direct obserx ation. Finally, the details of oceamc diffusive 
prcKesses are poorly known; therefore, most knowledge of 
thermohaline circulaflon and deep-w ater formation is based 
on indirect observ'd tion (e.g., the radiocarbon models men- 
tioned above) and theoretical considerations. Because of these 
problems, know'ledge of present-day thermohaline circulation 
is rudimentarv' compared with know ledge of the wind-driven 
circulation. 

Rossby (1965) suggested that because the convective buoy- 
anev' traasfer processes are so much more efficient than the dif- 
fusive processes, convective deep-w'ater formation must be 
confined to small regions in order to maintain steady-state 
conditions. Observations indicate (see Gordon, 1975) that 
most deep water is formed in marginal seas or over continental 
shelves. Apparently, the trapping of water allows it to un- 
dergo intensive interaction with the atmosphere and thereby 
create a substantial buoyanev' deficit. This suggests that acci- 
dents of geography may determine the sites of deep-water for- 
mation. 


A SIMPLE PLUME MODEL 

Models of thermohaline circulation have tended to treat the 
formation of deep water as a tacit a.ssumption or as a respoase 
to global -scale forcing. In light of the apparent importance of 
marginal seas to deep-w'ater formation, one of as (Peterson, 
1979) has formulated a .simple steady-state thermohaline con- 


v*«;tlon model diiv^ by imposed buoyancy sources. Becau^ 
so little Is k'low n about thermohaline circulation, a simple 
honzontally averaged modd exj^oring how buov'ancy sources 
determine the stradfleation and v^cal ctrculadon seemed 
appropriate. The essendal assumption of the nuxfel is diat 
dense water sources hav-e a sufficient buoyanev^ d^kit to driv'e 
turbulent plumes that entrain water from the ocean s interior, 
thus inareasing the plumes volume tranqwrt and decreasing 
their efensitv* as the}* penetrate. Tlie present-day Me^fiterra- 
nean outflow's lend crecknee to the entrainment assumption. 
Theiknsity dF the outflow* at ilv Straits df Gibraltar is greats 
than any c^isHy in the Atlar.iic Ocean (Wust, 1961). but the 
Mediterranean outflow terminates at about 12CX) m and 
^reads throu^iout virtually the oitire North Atlantk as an 
intermediate salinity maximum. If the Medit^ranean water 
w'cre not diluted by entrainment it would sink to the bottom of 
the Atlantic Ocean. 

Hie model is an extension of the ptonemng work Baines 
and Turner (1969) and can be envisioned as the filling of a 
large box from one or more steady buoyancy sources. The 
lHK)yancv' sources drive turbulent {dumes that Intmict with a 
laterally well-mixed interior by turbulent entrainment of non- 
turbulent interior fluid into the plume. The interior equation 
is a simple vertical balance of advection and difltirion of buoy- 
anev*. This interior balance is the same one much used by some 
geochemists (e.g., Craig, 1969), with the important exception 
that the vertical velocitv- is determined by the source strength 
and the plume dvnamics. 

The buoyancy* flux is the product of the volume flux and the 
densitv' difference between the plume and the interior. A 
buoyanev' source is characterized by its initial buoyamrv' flux 
(Fq), defined as follow's: 


Po 

where p is the volume flux, g is the acceleration due to gravitv*, 
p is the plume densitv*, p^ is the environmental densitv’, and pq 
is a reference densitv* (a constant). 

In the case of multiple plumes it is the one with the greater 
initial buoyanc>' flux not the one with the greater initial den- 
sitv' that penetrates to the bottom and controls the stratifica- 
tion. The buoyancy fluxes of plumes with lesser Fq vanish at 
intermediate levels, causing them to cease sinking and spread 
out horizontally. The model w'as extended to include sloping 
side w alls and w'al! drag; these additions modifi* the details of 
plume termination but do not affect the qualitative results of 
the model. 

Experiments with a tw'o-plume model revealed some inter- 
esting behavior when the .same total buoyancy flux was dis- 
tributed differently between the two plumes. When the initial 
source strengths w*ere betw'een 10 and 90 percent apart, the 
pycnocline depth and depth of termination of the weaker 
plume were nearly the same. If the initial source .strengths 
were nearly the same, a small perturbation could result in a 
dramatic change in the stratification and characteristics of the 
bottom w'ater. We suggest below that this tv'pe of behavior 
may be reflected in the l.sotope record. Furthermore, it may 
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well be that this t>pe of flip-flop bt*havior has ramifications 
for dimate stability’ (see last section). 


FORMATION OF WARM SALINE 
BOTTOM WATER 

Evidence from the measurement of oxygen isotopes in the tests 
of benthic foraminifdra indicates that in the past deep water 
has be^ as warm as 15^C (see next section). Peterson’s (1979; 
preceding section) mocki provides a conceptual hramework 
for evaluating tl» rdative potmitial of various mar^nal seas 
for the production of de^ yvacer. We suggest that at some 
time in the past, ^strongest initial buoyam^ flux, ai^ there- 
fore the bottom wat^, originated from a marginal basin sub- 
ject to high evaporaticn rates and where the density ddicit 
was caused by hi^ saliuity rather than low temp^^ature. It is 
as if tl^ present-day Mediterranean Sea became miK^ larger 
or the evaporation rate increased sudi that its buoyancy flux 
became greater than that from any of the polar sources. Ac- 
cording to our prdiminary estimates, the present-day polar 
deep-water sources have about four times the initial buoyancy 
flux of the present-day Mediterranean. It is interesting to note 
diat within die Mediterranean itsdf, the saltier summer wate* 
is not suffidently dense to sink; but winter cooling increases 
the density^ still more, and the resulting deep water has a tem- 
perature near 13°C, 10® cooler than typical summer surface 
temperatures (Lacombe ami Tchemia, 1972). 

Weyl (1968) noted that cold deep-water formation would 
be inhibited by a di^t lowering of surface salinify. Freshen- 
ing of the surface layer in the regions of cold deep-yvater for- 
mation yvould cause bottom-yvater temperatures to incr^ise 
by drastically reducing the buoyancy flux from polar sources. 
Weyl (1968) suggested perturbations in the water-vapor trans- 
port betyveen the Adantic and Pacific Oceans as a mechanism 
Tor loyveringthe surface salinity'. It has been shown by Lazier 
(1973) that in the middle I960 s a decrease in the salinity of the 
outflow from the Arctic Ocean caused a freshening of the sur- 
face layer of the Labrador Sea, w’hich in turn caused about a 
five year hiatus in the usual yvintertime deep convection. 

Another mechanism for freshening the surface layers may be 
removal of salt in basins where evaporites are being precipi- 
tated. 


ISOTOPIC EVIDENCE FOR THE 
OCCURRENCE OF WARM SALINE BOTTOM 
WATER 

Measurement of oxygen isotopes on the tests of benthic forami- 
nifera from deep sea cores (see Chapter 18) indicates that the 
temperatur of bottom water has decreased from approxi- 
mately 15° C at the end of the Cretaceous to 3°C at present 
(see Figure 7.1). Superimposed on the generally decreasing 
isotopic temperature trend is a series of step changes. The 
abruptness of these changes may be due to hiatuses in sedimen- 
tation, or they may reflect a series of shorter time-scale transi- 
tions in bottom-water temperature. If these stepwise changes 


are eventually confirmed, Peterson s competing plume modd 
sugg»ns an explanation. Deep water is produced by multiple 
sources, hr^th yvarm and cold. The temperature and other 
characteristics of the bottom water are determitmd by the 
deep-water source area that produces the largest buoyancy 
flux. These source strengths have varied throu^ time as a con- 
sequence of changes in areas, location, and conflgurations of 
marginal seas owing to plate motions and eustatic sea-levd 
changes. In Cr^aceous times, warm w’ater sources were efom- 
iiiant over cold-water sources, whereas today cold bottom wa- 
ter is produced at high latitu<ks. This diange required at least 
one transition from a regime dominated by WSBW to one 
dominated by cold polar bottom water. Because the pltune 
termination dqiths are sensitive to small difforem^es in source 
strengths, several transitions from one r^me to the other 
might be expected as a result of variations in buoyancy fluxes 
from competing deep water sources during the time when the 
source strengths were nearly the same. 


PALEOGEOGRAPHY OF EPICONTINENTAL 
SEAS 

A rimple box model of an evaporative basin diL vs that the 
buoyancy' flux depends only on the evaporative flux (i.e., area 
of basin times evaporation rate) (Peterson ef aLy 1981; Brass et 
a/., 1982) until the onset of halite precipitation, when the 
buoyaiK^' flux begias to decrease because of salt removal. An 
ev’aporative basin insufficiently concentrated to deposit salt is 
the most effective source of WSBW. 

Epicontinental seas as sources of WSBW provide the link by 
which the solid Earth forces oceanic and atmospheric circula- 
tion. Eustatic sea-level fluctuations can be caused by varia- 
tions in the global seafloor spreading rate (Hays and Pitman, 
1973). The area of continent flooded by a gfven increase in sea 
level is a fu .iction of the global hypsography at that time. The 
size, and hence drainage efficienc>% of the continents directly 
controls the rhape of the hypsographic curve (Harrison et aL, 
1981; Hay et al., 1981). Thus, times of increased seafloor 
spreading and I'ontinental breakup generate large areas of epi- 
continental seal both by raising sea level and by lowering the 
elevation of the continents. 

Epicontinental seas producing WSBW must be located 
within the zone of net evaporation (10-40° N and S) associated 
with the descending branches of the atmospheric Hadley cell 
circulation. The distribution of Mesozoic and Cenozoic evapo- 
rite deposits strongly suggests that this zone has remained sta- 
tionary* during the last 120 million years (m.y.). Figure 7.2 
shows the areas of flooded continents and marginal seas in 10° 
latitude intervals over the last 100 m.y., as measured from the 
paleogeographic maps of Barron et aL (1981). The most dra- 
matic change during this time interval has been the decrease in 
area of shallow seas in the high evaporation belt (10-40°). 

Because area is one of the important factors determining the 
buoyancy flux from evaporative basins, the decrease in the 
area of evaporative marginal seas over the last 100 m.y. 
strongly suggests that the rate of production of WSBW has de- 
clined over the same time. The shape of the curve of marginal 
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FIGURE 7.1 Oxygen isotope paleoternperatures from Savin (1977), copyright Annual Revie^^'s, Inc. 


sea area versus time is similar in shape to the oxygen isotop'c 
temperature record curve from benthic foraminifera. The de- 
crease in area of evaporative marginal seas and the decrease in 
the temperature of bottom water during the Cenozoic suggests 
a transition in the mode of deep-water formation in which 
cooling at high latitudes has played an increasingly important 
role. 

Changes in the latitudinal distribution of epicontinental seas 
due to the motions of the lithospheric plates also occur. This 
movement may transport flooded regions into or out of the net 
evaporation belt. These movements appear to have had little 
effect on the areas producing WSBW in the Mesozoic and Cen- 
ozoic but may have been more important in earlier times. 


CONSEQUENCES OF WARM SALINE 
BOTTOM WATER FOR OCEANIC AND 
ATMOSPHERIC CHEMISTRY 

Our hypothesis, that plate motions and sea-level changes pro- 
vide the mechanisms responsible for variations in the produc- 
tion of deep water, has many consequences for the chemistry of 
the ocean and atmosphere. TL^ chemical state of the ocean at 
times when WSBW was dominant would have been very dif- 
fertmt from that which exists at present, and evidence of these 
differences should be present in the chemistry and isotopic 
composition of marine sediments. The solubilities of many 
gases are strongly dependent on temperature and salinity, and 
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the increased temperature cf WSBW at its source (about 15°C 
versus - for present-day cold bottom water), where it is in 
contact with the atmosphere, reduces the concentration of dis- 
solTed ^ses such as molecular oxygen and carbon dioxide in 
water subsequently transported to the deq> sea. As a conse- 
quence, WSBW variations diould leave a signature in the ac- 
cumulation rates of organic carbon and carbonate in the deep 
sea. 

The distribution of both oxygen and carbon dioxide within 
the ocean Is the result of the formation and destria^tion of 
organic matter, exchange with the atmosphere, and phyrical 
transport processes. As a result of respiration by animals and 
bacteria, ox>’gen is i^leted in most subsurface ocean waters. 
The longer a water mass is isolated from the atmo^here tl» 
lower its oxygen content becomes. This fact has enabled ocean- 
ographers to use O2 as a circulation tracer. 

Axmxic conditions devdop in deep water wh^ the consump- 
tion of oxygen by organisms exceeds the rate of oxygen supply. 
When arK>xic condiHons exist, organic carbon accumulates at a 
hij^ier iate. De^sea anoxic events have been obs^ed in the 
geologic record by many authors (e.g.. Degens and StoHiers, 
1974; Thierstdn and Berger, 1978). Many medianisms have 
been proposed to explain these events, including stagnation 
resulting from a layer of fresh or brac^u^ surface water or ex- 
pansion of the oxygen-minimum layer by inhibited oceam'c cir- 
culation. These events may also be explained within the con- 
text of our model as resulting from a decrease In ventilation of 
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the de^ ocean because of reduced oxygen solubility in the 
source regions without requiring any change in diculatlon 
rate. The oxygen content of WSBW may have been similar to 
the oxygen content of the Mediterranean deep water, whldi 
south of France and in the Adriatic contains about 220 ^moles 
per kilogram of O2 (Miller et a/., 1970). In contrast, North 
Atlantic deep water near its source contains 310 ^moles of O2 
per kilogram (Bainbridge, 1980). The Mediterranean escapes 
anoxic conditions owing to the short residence time of its de^ 
waters (100 yr, Lacombe and Tchernia, 1972) and its low 
nutrient content (Miller et al., 1970), whidi reacts biological 
prodtKtivity. 

The CO2 system is of interest because dian^ in atmos- 
pheric CO2 may affect climate by altering the Earth*s thermal 
balance. Dissolved inorganic carbon is presenOin seawater in 
the form of bicarbonate and carbonate ions in addition to the 
dissolved gas. The ocean is a much larger res^voir of CO2 than 
is the atmosphere and ultimately determines the atmosph^c 
CO2 content. 

Significant variations in rates of accumulation of carbonates 
and organic carbon in die ocean barins suggest corresponding 
variations in atmosph^c CO2 in the past. Hie decrease in solu- 
bility of CO2 with increasing temperature suggests that WSBW 
productkm leads to an increase in atmo^iheric CO2. Thus, at 
tin^ in the geologic past when WSBW production was large, 
atmosplwric CO2 levels may have been larger than at preset 
and may have played a major rde in fordng climate. 
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FIGURE 7.2 Area of epicontinental seas versus age, by latitude band 
(fron the maps of Barron, 1980). 


CLIMATIC CONSEQUENCES 
OF WARM SALINE BOTTOM WATER 

The terrestrial record shows that the late Cretaceous climate 
was more equable (i.e., had a lesser meridional gradient) with 
much milder conditions at high latitudes than at present, as 
evidenced by the occurrence of tropical and temperate faunas 
and floras in higher latitudes than at present (Barron, 1980). 
We believe that the diange to the present climate may be a con- 
sequence of the decrease in WSBW production, which is, in 
turn, a consequence of tectonic and eustatic activity. Two 
mechanisms may explain the effects of WSBW production on 
climate: (1) modification of heat transport via both the at- 
mosphere and ocean and (2) changes in the transparency the 
atmosphere to incoming solar and outgoing infrared rad' ition 
due to increases in the atmospheric water vapor and CO 2. 

Incoming solar radiation is more intense in low than in high 
lati^des. The outgoing reradiation is also more intense in low 
latitudes; however, the difference is much less, and there is a 
net heating in low latitudes. This heating imbalance requires a 
poleward transport of heat across latitude to maintain the en- 
tire Earth's mean temperature distribution in steady state. 
This transport is accomplished by seasible heat transport in the 
atmosphere and ocean and by latent heat transport in the form 
of water vapor in the atmosphere. The poleward transport of 
sensible heat in the atmosphere for the same circulation inten- 
sity would be curtailed by an equable climate because of the re- 
duced meridional temperature gradient. Lorenz (1967) noted 
that in the present-day atmosphere most of the mid-latitude 
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poleward transport of both heat and moisture is accomplished 
by eddy transports. These eddies are the mid latitude storm 
systems that are driven primarily by baroclink instability, 
which represents the converjdon of available potential enerj^y 
into kinetic energy. There would be less available potential en- 
ergy' in an equable climate, and, therefore, this medianism 
should be less effective. Manabe and Wetherald (1980) sug- 
gested that large-scale monsoonal drculations mi^t acco^^plish 
the mid-latitude transport of moisture. Our modd reqa es an 
increase in net evaporation from low latitude marginal seas to 
produce WSBW and implies a fi^ening of surface water at 
high latitudes to inhibit the sinking of cold water. The link be- 
tween these two phefK)mena is higher poleward tran^x>rt of 
water vapor in the atmosphere with its equivalent latent heat. 
Manabe and Wetherald studied the climatic structure in a 
model atmosphere forced i)> an increase in CO 2 content and 
found a striking increase in latent heat transport. One of the 
causes for the reduced thermal gradient was the poleward 
retreat of highly reflective snow cover. “Another important rea- 
son for the general reduction of the meridional temperature gra- 
dient is the large increase in the poleward transit of latent heat 
dm to the general warming of the model atmosphere"* (Manabe 
and Wetherald, 1980, p. 102). Th^ concluded that the in- 
creased |K>leward latent heat transport may account in part for 
the equable Mesozoic dimate (Manabe and Wetherald, 1980, p. 
117). We suggest that the forcing mechanism for an increase in 
CO 2 abundance may be changes in the area of marginal seas in 
the high net evaporation re^oas and the production of WSBW. 

It is difficult to assess the importance of oceanic sensible heat 
transport when the ocean is filled with WSBW. The present- 
day oceanic heat transport is not well known and is usually 
measured indirectly as a residual required to complete a heat 
balance (e.g.. Vender Haar and Oort, 1973). Bryan (1962) 
suggested that the vertical thermohaline circulation is more 
important in the oceanic heat budget than is the wind-driven 
horizontal circulation. Thus, WSBW formed in low latitudes 
might well accomplish some of the required poleward heat 
transport. 

We have emphasized steady -state situations based on the no- 
tion that climate tends to reside in one of many possible quasi- 
steady states until it is perturbed into another quasi-steady state 
by some event. It is important to understand the steady-state 
WSBW system before studying the transitions betw een \VSBW 
and cold bottom water. However, it is clear that the transitions 
would be accompanied by substantial i>orturbations in the heat 
budgets and would have dramatic consequences for oceanic 
and atmospheric chemistry. An understanding of how these 
transitions occur will be a valuable contribution to under- 
.standing how climate evolves. 

From these discussioas it is evident that the ocecin tlie 
geologic past may have had substantially different thermoha- 
line circulation and bottom water characteristics. It has been 
suggested (e.g., Weyl, 1968) that the modern ocean provides a 
stabilizing influence on climate because of the difference in 
characteristic time scales of the ocean and the atmosphere 
(about 1000 yr ver.« s a few months). It is also reasonable to 
suggest that a substantial change in the characteristics of the 
ocean should have .substantial effect on the climate. 
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The Terminal Cretaceous Extinction 
Event and Climatic Stability 
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WHY THE LATEST CRETACEOUS? 

The most outstanding feature of late Phanerozoic dimatic 
evolution is the gradual cooling of the world*s high-latitude 
areas. This cooling trend started about 60 million years ago 
(Ma) and has been particularly well documented in changes of 
the oxygen isotopic composition of fossil carbonate shells 
(Savin, 1977) . The time just prior to the onset of Cenozoic cool- 
ing may therefore be considered as the climatic state farthest 
removed from the present or Pleistocene one and thus may rep- 
resent the youngest non-Pleistocene climatic end-member. A 
second major source of interest in the late Cretaceous derives 
from the fact that it preceded one of the most severe evolu- 
tionary breaks recorded in the Phanerozoic history of life 
(Russell, 1979). Because climate today is the most important 
single factor determining the abundance and distribution of 
living orgrinisms, paleontologists have long been including 
climatic feedback mechanisms in their proposals on possible 
causes for the terminal Cretaceoas mass-extinctions. 


THE CRETACEOUS-TERTIARY 
BOUNDARY EVENT 

Until quite recently, the terminal Cretaceous extinctions were 
a subject that was discussed almost exclusively by paleon- 
tologists. The main topic of interest was the disappearance of 
several major groups of organisms that had dominated Meso- 
zoic fossil assemblages, such as the dinosaurs, most of the 
cephalopods, the rudists, and the inoceramids (e.g., Schinde- 
wolf, 1954), as well as the marked reduction in the diversity 
observed in virtually all fossil communities between the 
Cretaceous and the Paleocene (e.g., Newell. 1962). The 
discovery that a rapid evolutionary turnover was also recorded 
ill OG^nic plankton communities (Luterbacher and Premoli 
Silva, 1964; Bramlette, 1965) appeared to confirm the postu- 
lated global extent of the extinction event and led to a rapid di- 
versification of ideas on possible causes which included geo- 
chemic al as well as climatic feedback mechanismr (Bramlette. 
1965; Tappan, 1968; Worsley, 1971; Gartner and Keany, 
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19T8; Thierstein and Berger, 1978; Gartner and McGuirk, 
1979; Alvarez et 1980)* 

Which processes are involved In these models? How compat- 
ible are the proposals with the available evidence? What are 
some of the crucial gaps in our knowledge? 


EVOLUTION AND CHRONOLOGY 

There are several questions of major concern: Are the mass- 
extinctions real? Are they s>mchronous? How rapidly did they 
occur? Were they selective? 

The reality and suddenness of the mass-extinction has been 
established beyond doubt for the planktonic foraminifera and 
for the calcareous phytoplankton by high-resolutfon stratig- 
raphy (Figure 8.1) and by the verification of continuous sedi- 
mentation provided by paleomagnetic dating (e.g*, Kent, 
1977). A number of apparently complete sedimentary sections 
have been identified by these methods and have led to an esti- 
mation of the time of evolutionary turnover of less than a few 
thousand years (Thierstein, in press). 

Deep-water benthic foraminifera show no evolutionary^ 
change across the Cretaceous-Tertiary boundary (Beckmann, 
1960) . However, it appears to be real wherever it could be well 
documented (e.g., Birkelund, 1979; Hakansson and Thomsen, 
1979). Gradual evolutionary' changes, mainly expressed as 
declining diversities through the latest Cretaceous, have been 
related to a gradual deterioration of unspecified nature in 
neritic environments (Kauffman, 1979), which could be re- 
lated to local or global sea-level changes. Such changes may be 
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real, but their relationship to the extinction event, if any, is 
obscure. 

Claims of a gradual late Cretaceous evolutionary decline of 
the terrestrial large vertebrate communittK In North America 
have been shown to be unsubstantiated when sample sizes are 
taken into account (Russell, 1979). Recent attempts to cor- 
relate the youngest fossilized dinosaur remains with the paleo- 
magnetic stratigraphy have either been marred with con- 
troversies over local correlation (Butler et aL, 1977; Alvarez 
and Vann, 1979) or were based on rocks with only marginally 
preserved remanent magnetization (Lerbekmo et a/., 1979; 
Danis et aUy in press). There is evidence for time transgressive- 
ness of the dinosaur extinctions relative to the rapidly diversify- 
ing mammalian faunas, with some late reptilian survivors 
reported from the Paleocene of southern China (R. A. Sloan, 
U. of Miami, personal communication, 1979). Whether the 
evolution of mammals or the extinction of the dinosaurs are 
time transgressive and predate or postdate the plankton extinc- 
tions is obviously one of the more important issues, which will 
eventually have to be resolved by magnetic stratigraphy. 

The severity of the change in the terrestrial vegetation is also 
controversial (Krassilov, 1978). Some of the best-documented 
data, howev er, appear to indicate at least a moderate change, 
representing climatic cooling and an increase in seasonality 
(Russell, 1979). 

There is growing evidence that the extinctions were sdec- 
tive. A geologically instantaneous extinction of virtually the 
entire late Cretaceous oceanic calcareous phytoplankton has 
been well documented (Figure 8.1); this was followed by 
blooms of neritic taxa such as Braarudosphaera and the dino- 
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FIGURE 8,1 Heplac(*men( of the late Cre- 
taceous by early Tertiary calcareous nanno- 
fossils within 70 c*m of sediment thickness at 
DSDP Site 384, western North Atlantic {after 
Thierstein and Okada, 1979), 
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FIGURE 8.2 Terminal Cretaceoas reduction in generic diversity of 
major fossil groups in different environments (after RnsselK 1979). 


escence was die first mechanimi propped tfiat invdved 
changes In the geochemical cycling of elements. Subsequ^Uy, 
Tappan (1968) pointed out that such a loweringof oceanic pro- 
ductivity may have resulted In additional ^vironmenfiil stress 
by significantly altering the oxygen-carbon dioidde balance in 
oceans and atmosphere. After the first four of die DSDP 
had failed to recover core representing a continuous Creta- 
ceous-Tertiary transition, Worsley (1971) dabora^ on these 
ideas and proposed that a late Cretaceous progreseavediallow- 
ing of the carbonate compensation depth (CCD) into die 
photic zone might have afid^ tht '^careous plankUin 
direcdy. It has since been shown d^ at carbonate dep^tlon in 
at least some deep ocean badns was continuous acn^ the Cre- 
taceous-Tertiary boundary and that preservation of carbonate 
microfossils even improves between late Maastrichtlan and 
earliest Danian (Thim^n, in pres;). 


flagellate cyst Thoracosphaera, The Maastnchtian-Paleocene 
reduction in the number of ^nera in different environments 
was dearly most severe in the oceanic realm and was less 
significant In terrestrial and particularly lacustrine environ- 
ments (Figure 8.2). A reduction in generic diversity, however, 
must be considered a rather poor indicator of evolutionary 
change, as it may include taxonomic and sampling bias and 
possibly conceal a much largei evolutionary change at the spe- 
cific levd. For example, the ratio of Maastrichtian to Paleo- 
cene calcareous nannoplankton genera in the well-preserved 
sequence at Deep Sea Drilling Project (DSDP) Site 384 (Okada 
and Thierstein, 1979) is 30 : 24, a reduction of only 20 percent, 
although the assemblages are composed of entirely different 
species. More detailed data on the changes at the specific level 
for most groups of organisms are clearly required. 


CLAY MINERALOGY 

There are few data available on mirteralogic^ changes in the 
carbonates and deep-sea clays acrc^ the Cretaceous-Tertiary 
boundary. Christensen et ah (1973) reported that im^reases in 
detrital quartz, silt, and trace-danent concentrators in the 
boundary clay (Fiskeler) in Denmark were corrdated with a 
decrease in carbonate contents, su^e^ng depodtion or lo- 
cally derived detritus in a starved, anoxic basin. Chamley and 
Robert (1979) in a study of DSDP sites In the Atlantic Ocean 
found that the stratgraphically and geographically variable 
supply of dominantly primary detrital clays through the late 
Cretaceous was suddenly terminated in the Paleoc^ie. The 
trend, ihey concluded, was inconsistent widi a latest Creta- 
ceous cooling, which had been proposed based on oxygen 
isotopic data. 


TECTONICS AND SEA LEVEL 

There is widespread evidence for sea-level changes dose to the 
Cretaceous-Tertiary boundary. Howeve’*. little agreement ap- 
pears to exist on their timing and direction in varioas parts of 
the world (Russell, 1979). Changing water depths certainly 
would exert a strong control on the local stratigraphic succes- 
sion of fossil assemblages in shallow-water environments 
(Kauffman, 1979). The rates of pre-Pleistocene eustatic sea- 
levd changes, estimated by Pitman (1978) to be less than 1 cm 
per KKX- yr (excluding buildu’ and melting of continental ice) 
are considered too slow to be solely responsible for the quite 
sudden extinction events; .such sea-level changes may have 
been instrumental, however, in triggering positive climatic 
feedback mechanisms or the isolation of ocean basias and their 
reconnection with the world oceaas. 

HISTORY OF CARBONATE DEPOSITION 

Bramlettes (1965) proposal of nutrient starvation in oceanic 
surface waters due to low erosion rates caused by tectonic qui- 


TRACE-ELEMENT GEOCHEMISTRY 

The recent discovery of a strong Increase in the concentration 
of iridium in the Cretaceous-Tertiary boundary clays (Alvarez 
ei ah, 1980; Ganapathy, 198C, Sniit and Hertogen, 19^) lends 
strong support to Urey s (1973) proposal of a meteorite impact 
as cause for the observe * nass-extim lions. Noble element con- 
centratioas in differentiated crustal material are much lower 
than in undiifcrentiated extraterrestrial materials: measured 
iridium concentratioas in Holocene deep-sea sediments aver- 
age 0.3 part per billion (ppb); in manganese nodules, owing to 
low bulk accumulation rates, they average 8.5 ppb; and in iron 
meteorites they go up to 500 ppb (Crocket et ah, 1973). 

Alvarez et ah (1980) explained the observed increase In 
iridium in the noncarhonate fraction from an average of 0.3 
ppb in the uppermost Cretaceous limestones at Gubbio (Italy) 
to a maximum of 8.4 ppb in the boundary clay as a conse- 
quence of an asteroid impact . With isotopic data ^ey ruled out 
the possibility of a supernova or other galactic cause for the ex- 
tinction event (Russell, 1979; Napier and Clube, 1979) and 
argued convincingly for a solar-system source of th^r impact- 
ing object. The ma.ss-cxtinction in their scenario would be 
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caused by a thick vdl of dust thrown up into ihe strato.^here 
the impa^, which then, through shiddiug of sunli^t for a 
few y^rs, wouid inhibit photc»ynthesis. There are several as- 
pects of UOapn^osal, howev^i appear to require furdw 
analysis and scrutiny (see also Chapt^ 5). Light attenuation, 
for Instance, would have to exceed 99 percent for mondts to 
prohibit survival of calcareous phytoplankton (Blankley, 
1971). To achieve this attenuation, mass concentrations of 
about £ JO m over a strah>spberic dust layer of 10-km 
thickness would have to be maintained (Cadle and Grams, 
1975), asmtning average ^aln-slze distributions dmilar to 
those observed In the strahi^diere during recent large volcanic 
explodons (e.g., Mossop, 1984). Additional unc^alndes re- 
volve around tl^ pcHidt^ity at mible-d^nent enrichment pro- 
cess^ within the ^obal gR 0 chemic»l cycle, such as in the 
hic^Iio^, In soils, or In hard grounds. 

Excesdve heat production during a meteorite impact and 
cyanide poisoning from a cometary colll^on have also been 
proposed recently (Emiliani, 1980; H^, 1980). 

Future studies of otl^ bounda^/ sections, of the geoc^mi- 
cal cycle of noble elements, and of rocks a^odated with known 
meteorite impacts may well yidd concluave evickmce for the 
proposed model. 


STABLE ISOTOPES 

Some of the most important information known about cli- 
mates in the late Mesozoic is derived from comparatively few 
studies on the oxygen isotopic composition of fossil carbonate 
shells. These studies were concentrated on an evaluation of 
major stratigraphic trends and paleolatitudinal gradients 
(Frakes, 1979). Recent r^lts show that oxygen isotopic gra- 
dients preserved in late Cretaceous microfossils were very 
weak, both vertically and latitudinally, when compared with 
those of the Holocene (Table 8.1). The deep^ bentliic forami- 


T ABLE 8 . 1 Oxygen Isotopic Temperature Gradients 
Preserved in Holocene and Latest Cretaoeoas 
Carbonate Microfossils 



Holocene 

Latest 

Cretaceous 

Planktonic forams (vertical, 0-200 m) 

9®C" 

5“’C'' 

Planktonic/benthic forams (vertical. 

21 

5°C'' 

0-2500 m) 



Nannofossib (O-SS*^ paleolatitude) 

2.5"C' 

13°C* 


"From Berger et al. (1978). 

^From unpublished data b>* author. 
'From Vincent et al, (in press). 
'^Fi*mi Savin (1977). 

''From Goodnev ' d al. (1980). 


nifera measurements available for dm Crdaoeous, howm*^, 
are from a fmleodepth of only 2.5 km. Tndy ahysssi wa^, 
r^resentative of polar winter temperatures, may wdl have 
hm (K}i^dOTabty colder diah die 7 to at ih- 

t^medlate depths. The pc»sibility of lowered ^p^ature 
gradients sugg^ a l^vigorous deep-wati»r drmdatkm dian 
obsm^ today, which may wdl have led to an aniidiHgaya'; 
of salinity gracUents In surface waters. The piesent-^y rj^ 
of av^age annual salinity anomalies from dm f^qwled latitu- 
dinal values Is 1 1 %o between the eastern MedIterraiMn, a dg- 
niht^nt ^qp»-water contributor, and the Paiuuna E«in, 
which is unaffected by river runc^ (Dietrich 1975), Tills 
difforem^ Is equivalent to a range In the or^gien isotopfo com- 
pc^don of about 6.5 %o (Craig and Gor^n, 1^), Because 
oceanic circulation in the Cretaceous was probably \e& Inters 
dum foday*$, re^ond variation am be expected in the Isotoi^ 
compoddon of oceanic suifaoe waters, as evaporation ami pro- 
cipitation were at least as large as at present. In particular, the 
ladtudinal mirfaoe salinity gra^enb may have been con- 
rideraldy lar^ dian foday*s. These gradiorts coidd have been 
maintain^ Imn'eased moisture transprrt from low to high 
latitudes, which at the same time would have provided an in- 
dent halt-transport mechanism. Recent senritivlty studies of 
global dimate modds suggest an incroise in latitudinal mds- 
ture transpent with increasing atmospheric COg content 
(Manabe and Stouffer, 1980). Higher atmospheric CO 2 con- 
tents may have been caused by the loweed solubility of gases 
in warmer ocean waters (Plass, 1972). 

The possibility of considerable latitudinal salinity fractiona- 
tion of oceanic surface waters in the late Cretaceous is a basic 
premise of the brackish-water injection model (Gartner and 
Keany, 1978). Prdiminary oxygen isotope data from the coc- 
colith fraction at DSDP Site 356 (South Atlantic) appear to 
support a sudden freshening of oceanic surface waters at the 
Cretaceous-Tertiary boundai 'Thierstdn and Berger, 1978). 
The oxygen isotopic shift, however, could not be confirmed at 
other sites or in other fossil groups. In addition, tl^ original 
biostratigraphic evidence used by Gartner and Keany (1978) 
has been reinterpreted as a submarine slump, further weaken- 
ing the brackish- water injection hypothesis (Thierstdn, in 
ptess). 

Recent studies on the carbon isotopic variability of the di$- 
.solved carbon dioxide In ocean water as well as in Recent and 
Neogene carbonate shells indicate that carbon Isotopes may be 
ased to trace fertility' patterns (Coodnev' et al,, 1980) as well as 
major changes ir the partitioning and cycling of carbon be- 
tween the main carbon reservoirs. Changing flux rates be- 
tween the reservoirs leave thdr traces in the carbonate 
skeletons of ihe transport vehicles. Such major changes have 
been documented in the middle Cretaceous (anoxic events), 
the Cretaceoas-Tertiar>' boundar>' (collapse of the oceanic 
plankton community), and the late Miocei^ (beginning of 
Mesdnian salinity' crisis) (Thierstdn and Berger, 1978; Schoile 
and Arthur, 1980: Vincent et al,, 1980). 

A virtually unexplored field of great paleoclimatic potential 
is the study of seasonal variability' preserved in the stable 
isotopic composition of carbonate shells of macroinverte- 
brates. 
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THE ENIGMA OF THE WARM AND STABLE 
CLIMATES IN THE LATE CRETACEOUS 

Tl^ Cencneoic cooling trend in hi^ latitiKl^ was not 
Imt pitxsearted tir ipi^ and^ the 

ude^tanlcal and ol^yfen Isotopic evldcme (Figure 8.3). Tl^ 
hl^4atitu^ coding tr^ Is g^i^ally diotig^ to be (mmed by 
atonic {m)G»es, juch as die niovm^its d oo^in^ into 
polar areas, giobal regresdon, and mountain builcHng, inter- 
rupted by more local events, micii m depute of t^^ng d 
oc^nlc gateways, Ae Isdadon ami reccmnet^ir d do^n W- 
s^ns, volcano and die like, wlA amp!IB(m^^ or admiation 
hy dimatic feednu^ mec^n^m, siidi dum^ In 
In oceanic drcdadmi, or in carbon <^rie. HI|^-raatilu^on 
stratigraphy snay ^ovide d\m to tla^ c^atk leeiA^ 
medianims ami to the stadlity d the various dimaUc ida^ 
diat the Earth has experienced in gladals ami In^^^als, In 
die warm and sdible latt Cretaceous, and durh^ dm tni^ 
Cretaceous period of widespread deep-water amixia. 

Uliat w^ the conditiom dmt ma^ die late Cit^ceoi& dl> 
mates so stable? Was It dimatic stabdity In itsdf, whldi, wlmn 
disrupted, hdped to produce dm unpiececfenmd bMc ^ms 
dons? The eniptia of the prop^rtec erf the late Cre^mems 
climatic system may be just as important as diat of dm cUstur- 
bance that led to the ^imdons. How dl^r^t late 
Cretaceous dimates from Pleistocene Cims? 

From a late Phai^ozoic viewpoint, today*s oceans are diar- 
acteriied by didr nnall and hl^y di^pe^d ured coverage, 
by their protmunced temperature stratification into a thin, 
warm surface layer and a large cold de^ lay^, and by 
vigorous meridional surface drculadon, leading to a strong 
geographical separation of fertility. The deep-water res^^oir 
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FIGURE 8.3 Isotopic pi*^'Y>teinperature data for late^ Cretaoeoiu 
and Cenozolc planktonic an«! benthic foraminif^a, illustrating the 
post-Cretaceoas inegular cooling trend in high latitudes (afto’ Savin, 
1977). 





FIGURE 8.4 Sdieoiatm of v^'dciL 

mo^phoric arcuiatkm, aiuntal Idlte^nd Imat flux, eviqi^a^a/ 
pre^tadon pattan, and siu^me ndiidte for dm nordi^n he^- 
(after Frakes, 1979; Sdlm, 198$; Dleteidi M of., 19^)* 


is mainly repienidmd in die cold polar arer s, whldi are c^arm^ 
terized by high surface albedo. N^ooeimics^di^heattrain- 
port is limited to low ladtocte surface wat^ (Figure 8.4). A 
major pordon of the pdeward Imat tean:^rt occurs as sexm'^e 
heat in the atmosphere throo^ dm of dm ^rf>- 

tropical Hadle>' cdb and acrc^ dm polar fi^nt. 'nm lat^ b^t 
tran^rt (Imat stored during evaporadon and rdcased duilt^; 
predpitadon) is ciosdy ded tc the atmospImHc dreuiatkm pat- 
terns and is strongly mirrored in the average lad tudlndp^uf ime 
^Inidec in tropical and subtropical areas (Figure 8.4). 

In the late Cretaceous, on the odmr hami, dm cv^all 
cli^natic circuladon patterns must have be^ oomJda’aUy dif- 
ferent for the following reasons. Lower surface albedo, on a 
giobal scale, because of hi^mr sea levd and dm abseaice <rf «oe 
In high ladtudes, must have resisted fn a nioie dl^4ent^obai 
h^t absorption. If th^e was indeed no dgniflc»nt tantmra- 
ture decrease bd .w 2^-m water d^^ or in pdar lad* 
the density of oceanic waters would have been determined to a 
much larger degree by' $allnlty% rather than temperature, aig- 
gesdng dm possibility of a deqi-water drculadon and 

thus an increase of dm oceanic ser^ble heat tramport into hl^ 
ladtudes. High-ladtude upweliing of saline, to reladvely 
warm water, diould have been countered dfidcntly, how* 
ever, by negadve feedback through latent and sendble heat 
and Increase in salinity. Could die residdr^ dem4ty in- 
crease have been balanced by dlludon with precipltadoii and 
runo^ lairplus? A signifi^ndy longer reditooe time in dm 
deep-water reserverfr compared to t^ay unlikely, as 
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there is no e\ tdence of latest Cretaceous deep-water anoxia or 
greatl) lowered fertilit>\ as judged from calcium carbonate 
sedimentation rates and se^mentolog>% Did high4atltude 
upw'elling occur locally or seasonally? Increased seasonalit\* in 
high latitudes should have derived from higher heat retention 
due to decreased albedo (no ice), particularly during summers, 
when the total daily radiation is hi^ier on the poles than any> 
whereelse. Could evidence for seasonality' be d^ved from the 
annual variability' in the stable isotopic composition of high- 
latitude macroinvertebrate slwUs and be used to test Wolfes 
(1978) claim for a significandy low^ed inclination of the 
Earth $ rotational axis? 

A number of open questions concerning late Cretaceous di- 
mates can be answ'ered b) careful study of available sediments 
ami fossils and by using availalde techniques, w'hereas others 
will hav'e to be addressed by' way of andogy' and inference 
^rom the longer-range Phanerozoic dimadc history* of the 
Earth. 
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Long-Term Climatic Oscillations 
Recorded in Stratigraphy 
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INTRODUCTION 

The marine stratigraphic record reveals cvdic changes of vari- 
ous sorts, including periodic interruptions of deposition, 
change in the sedimentarv' constituents supplied, change in 
faunas and floras, and change in the nature of the dqxjsitional 
environment. Many of these changes are too general in charac- 
ter and in distribution to be attributed to local causes: they 
seem to rdlect global changes in cliittute and their effects on 
the marine system. 

These phenomena are discussed here in sequence of increas- 
ing period. Bedding phenomena visible at the outcrop level ap- 
pear to correspond to climatic changes induced by the Earth s 
orbital perturbations— in the 20, 000-500, 000-yr range— 
the same forces that drove the glacial advances and retreats of 
the Pleistocene. Broader phenomena that must generally be 
s>'nthesized from regional or j^obal data suggest a possible 
climatic cycle in the 30-36 million years (m.y.) realm. This in 
turn appears to ride on an extremely long cycle (not necessarily 
of fixed periods that brought on alternation of “icehouse" and 
"greenhouse" climates: in the last 700 m.y., the Earth seems to 
have completed hv'o and started on a third of these cycles. 


CHANGES IN THE 20,000-500,000-YEAR 
(MILANKOVITCH) RANGE 

2i,000- and 43,000- Year Cycles 

Sediments when viewed at the levd of a roadcut or hillside are 
diaracterized by stratification. This is generally attributed to 
random fluctuations in the supply of sediment to, and removal 
of sediment from, a given depositional site. Such processes 
might be expected to produce a fairly random aggregation of 
thicker and thinner strata, yet many sedimentary' “formations" 
show rather striking uniformity' of bedding thickness. This is 
particularly true of many limestones, in which thicker beds of 
biogenically formed carbonate alternate with thin interbeds of 
shale, recording a simple oscillation cycle, as recognized by 
Gilbert (1895, 1900), Schwarzacher (1975), Fischer (1980, 
1981), and others. 

Gilbert (1895) attributed rhythmic bedding in the Creta- 
ceous of Colorado to climatic influence of the axial precession 
having a period of about 21,(KX) yr. These variations in insola- 
tion were first worked out quantitatively by Milankovitch 
(1941) and have been revised by Berger (1980). 
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The dming of such rhythms may be approac)^ in tMv^o dif- 
hrent wav's^ from “below*' or from “above.** In varved 
sequences, in whidi beds are composed of presumed annua! 
laminadons» the duradon of a bed in years dsouid equal the 
number of varves within it. The alta^nadve is to take a radio* 
metrically wefFdatedinta%*al, siKdi as a stage or an and 

to chvide its length by the numb^ ofbeds found within it. 

The first of these methods was applied to the Green River Oil 
Shale (Eocene) by Bradley^ (1929). Bradle>^ did not actually 
count die varves in a bed-*he determined the mean thidcness 
of varves from thin secdons and the mean thidcness of beds 
from mea^irements on outcrop and fouiKi die rado to be 
21,000: 1. Whereas this work needs indqiendent \'eriRcadon, 
it seems to have confirmed Gilbert's h\pothesis in prindple. 

The second method has been appli«i to Cretaceous pdagic 
and hemipdagic limestones by Arthur (1979a) and by Flscha* 
(1980, 1%1). Various protdems arise with this approadi. One 
is that few rhythmic bedding sequ^ices and condnimus expo- 
sures ^n the Imigth d a stage, so that is becomes necessar>^ in 
most sequ^ices to extrapdate. Another is diat in rival dme 
scales — Obradoridi and Cobban (1975) versus Van Hinte 
(1976) — son^ stages differ by a factor of 3, so that it becomes 
necessary to avo^age die results from sev^al stages. A s»ies of 
11 Cretaceous sequences from Colorado, France, and Italy 
(Fischer 1980, 1981) yidded raw avmges ranging from 
10,000 to 87,000 yr per bed. The right shorter ones yielded a 
mean of 17,125 on the Obradovidi-Cobban scale and 26,375 
on d^ Van Hinte scale, for a combined mean of 21,750. Of the 
remaining three, one is poorlv dated and d^ other two seem to 
lie in the vidnit>' of 50,000 yr ami mi^t be related to the 
43,000*vt cycle in obliquiW (Milankovitch, 1941; Berger, 
1980). ' 

Thus the existence of the 21 ,000-yr rh>ihm — and therewith 
d a preoessional influence on Cretaceous sedim^tary' regimes — 
appears to be moderatriy well established. The case for a sedi- 
mentary^ record of the cy'de in tilt, on the other hi nd, is not 
strong except in the de^sea record (Arthur, 1979b). 


100.000-Year Cycle 

Simple bedding rhythms of the t>^ discussed above tend io oc- 
cur in sets, and while there is considerable variation in the 
number per set, statistical averages out of any one sequence 
usually yidd a mean number of about five (Schw'arzacher, 
This ratio holds for the Precambrian-Cambrian bound- 
ary bds in Morocco (Monninger, 1979): for Carboniferous 
limest mes in Ireland, Triassic limestones in the Alps, Triassic 
lake de^ oats in New Jersey, and Jurassic limestones in southern 
Germany ^.'^hwarzacher, 1975); and for five of the right Cre- 
taceous sequ nces studied (Fischer, 1980, 1981). If the Creta- 
ceous sequence, cited above are of precessiona! origin, then the 
“Schwarzacher bunJ’es," which they' compose, would seem to 
have a timing of about aOO,000 yr. Furthermore, by analogy, 
it appears reasonable to interpret this bedding pattern, charac- 
teristic of various parts of the Phanerozoic, as a record of 
precessional cycles grouped into 100,000-yr sets. 


This 100,000-yT rhy'thm is the strongKt of the ^m:ial 
rhy'thm signals in the Plristocene marine record (Hays ei al.. 
1976), and is attributed there to the orbital quasi-rhy'thm in ec- 
centricity (MUaidcovitdi, 1&41; Berger, 1980y. ftfeertrai^ 
tempting tc comider the Schwarzad^ bundles as the product 
of the precesrion coupled with eccentricity . Indeed, the preces- 
sion can influ^ice dimate only by way of orbital eco^tridty, 
so that a bundling of precessional beds into larg^ sets Is virtu- 
ally demanded by theory. 


Cydes at the 500.000-Year Level 

An ^mple of long rhy^ms in stratal sequences is provided by' 
the Permo-Carboniferous megacydes of Kansas (Moore et aL. 
1951; Heckd, 1977), in whldi t^g^us dq)orits at base and 
top s^Murate a marine sequm^e charactmzed b>' a porculiarly 
patterned aitmiation of diaies and limestones. Some 25 of 
these megacydes diaracterize the 10 m.y. d Missourian-Vir- 
gilian time, a mean duration of 400,000 >t. 

In various seqt^ices, sik^ as the Piecambrian-Cam- 
brian boumlary beds in Morocco (Monninger, 1979), the 
Triassic lake deposits of New' Jersey' (Van Houtai, 1964), ami 
the Cretaceous and Eocene in central Italy, Schwarzacher 
bundles are in turn grouped into sets of four to six, r^res^ting 
about 0.5 m.y. each. 

This cyde too appears to have a matdi in orbital perturba- 
tions, namdy in a longer cyde of eccentridty% which emerges 
from Berger s (1980) calculations. This cyde has rec«itly been 
recognized in the Plristocmie record by Briskin and Berggr^ 
(1975). 


Multiple Path*vay$ of Expression 

Whereas the sediments in which thew br^ding ha\'e 

been found are mainly limestone sequences, they i dif- 

ferent depositional regimes, in w'hich rhythmicity is induced 
by different factors. In the alpine Triassic, for example, the 
cause Is a variation in sea levd, leading to repeated em^’gmoe 
and submergence of carbonate banks (Fischer, 1964). In the 
late Cretaceous of central Italy, the setting is oi» of deep water 
throughout, and the rhy^ms reflect a change from rarbonate 
deposition to clay ckposition— either because the carbonate 
supply was reduced or because of carbonate dissolution on the 
seafloor (Arthur and Fischer, 1977). In the Cretaceous of Kan- 
sas, and in the Mid-Cretaceous (Aptian-Albian) of Italy and of 
the present ocean floor, some of the rhythmicity' w*as produced 
by changes in oxy'gen content of bottom waters: the deposi- 
tional sites oscillated between aerobic and anaerobic condi- 
tions (Arthur and Fischer, 1977; Arthur, 1979b; Fischer, 
1980). In the Triassic lake deposits of the Newark rift (Van 
Houten, 1964), the rhythmicity revolted from changes in lake 
level and In the chemistry’ of the lake. The only common de- 
nominator for all of these changes is climate — climatic fluctua- 
tion so sev'ere as to change sea level (presumably by growth of 
glaciers), the chemistry and behavior uie o :eans, and the sa- 
linity of lakes. 


Long-Tertn CUtnatic Oscillations Recorded in Stratigraphy 

Condusions and Problems Regarding Cyclicity 
at the Milankovitch Level 

The daUi summarized above have led me to condude that dh 
made osdllations driven by the Earth s orbital perturbations 
have not been limited to the Pleistocene but have affected the 
Earth's climates tlirough Phanerozoic time— tlw last 600 m.y. 
We have barely begun to recognize their record in the sedi* 
ments and are far from having ackquate descriptions, let alone 
understanding. There are suggesHons that the nature of this 
record has changed with time. In the Late Pldstocene record, 
for example, the eccentridfy signal is Wrongest, the obliquity 
signal next, and the precessional dgnal weakest. In the Late 
Carbonifr'rous c>'dothems of Kansas — am>ther glacial time — 
eccentrunS" c\des — in particular, the 400,000->t c>de — seem 
again to dominate the picture. At non^adal times the preces< 
sional agnai seems the strongest. Are tl^re definite time 
changes in the kiidls of rh\^hins — signals of changes in orbital 
character or of changes in the Earth's response to constant sig- 
nals? Is there a solar factor in addition? We do not know the 
aiKW'«s. What the record tells us Is that diff^ent parts of the 
Earth recorded the dimadc dianges i n different ways, and this 
in turn diould serve to devdop some understanding of the func- 
doning of the Earth. Puzzling, fci example, are the sharp sea- 
le\d dianges suggested by the record for times graierally 
thought to have been free of polar ice. Was there perhaps 
mountain gladadon on scales far beyond that of today? Such 
questions call for further studies. 


CHANGES AT THE 30-MILLION YEAR 
AND 300-MILLION-YEAR LEVELS 

30-Million-Year Cycle 

While historical geologists since Lyell have given lip service to 
the prindple of unifbrmitarianism, in whidi the Earth is viewed 
as having developed in a gradual and steady manner, a major- 
ity of stradgraphers and tectonicists, going back to Cuvier and 
d'Orbigny, including Chamberlin, Crabau, and Umbgrove, 
have been impressed with the segmentation of geologic history 
into episodes. Some of these changes appear to be rhythmic, 
and one of the rhythms represented lie; at the 30-36-m.y. level. 

E)orman (1968) suggested a 30-m.y. cycle in global tempera- 
tures, based on oxygen isotope analyses of Cenozoic mollusks. 
Damon (1971) analyzed the record of marine transgressions 
and regressions from the continents and concluded that Pha- 
nerozoic sea level rose and fell with a periodicity' of 36 ± 11 
m.y . and that this bo’*e some correspondence to periodicities in 
global mountain building and in regional plutonism. 

Fischer and Arthur (1977) suggested that the Mesozoic- 
Cenozoic part of Earth history is logically subdivided not into 
four periods as currently practiced but into seven, with a mean 
duration of 32 m.y., corresponding essentially to Crabau s 
(1940) seven pulses: the Triassic, Liassic, “Jurassic,” Coman- 
chean, Culfian or “Cretaceous,” Paleogene, and Neogene. 
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Each of these corresponds to an expansion of organic diversity 
in the pelagic marine realm (devdopment of polytaxy) fol- 
lowed by a decline to an “oligotaxic” state. This pattern ap- 
pean in global counts of co e x istin g gerrora and species wdt as 
in th^« structure of marine communities, in whid) the polytaxic 
state ‘s characterized by the devdopment of superpredators, 
while ;he crash leading to oligptaxy is accompanied by tl^ 
spread * f opportunistic geiwralists (Figure 9.1). Fischer and 
Arthur tentativdy recognized some rdiections of tiiis cyde in 
maritK temperature regimes (Figure 9.2), in the oxygenation 
of the oceans, in carbon isotope ratios, in the ups and dow'ns of 
the excite compensation depth, in the devdopment of subma- 
rine unconformities, and In other factors. 

Their overall condusion was that oceanic structure and 
behavior have changed on a time scale of about 32 m.y., re- 
sponding to some diange in general climate: in poh^axic <^i- 
sodes the high latitudes w'ere warmer and the temperature of 
the ocean mass as a whole was higher than during oligotaxy. 
How'e^ er, these fluctuations ride on a mudi longa* osdilation, 
which will be discussed bdow. During the la^ 100 m.y. the 
Earth has passed through three poly'taxic episodes — that of the 
Late Cr^ceous, that of the Eoc^ie, and tiiat the Mioo^ie — 
ddimited by three cligotaxic ones — the Maastriditian-Danian 
boundary' criris, the Oligocene crash, and the current ckdii^. 
During this time we hav'e experieiK^ the “dimatic <^eriora- 
tion” long recognized by the terrestrial paleobotanists (Dorf, 
1970). Each episode of polytaxy' has been merdy a s!tep bade 
“up” in what has been a general “downward" trend tow'ard 
colder high latitudes and colder ocean masses— a trend that 
finally culminated in the gladal episode in which we find 
ourselves now. 

The history of pdagic diversity' in the Paleozoic offers some 
support for the existence of the 30-m.y. cy cle through the Pale- 
ozoic, but the precision of Paleozoic data remains marginal. 
For that matter, the existence of this cyde in the Mesozoic- 
Cenozoic is still a matter of debate; Hallam (Chapter 17), for 
example, finds no convincing evidence for the postulated Mid- 
Jurassic break, and some of the polytoxic episodes recognized 
b\' Fischer and Arthur are split by minor reductions in faunal 
diversity'. 

The general causes for the postulated 30-m.y. cy'cle remain 
uncertain. The pattern suggests that it was a minor modula- 
tion of the long (300-m.y.) greenhouse-icehouse cy'cle discussed 
below'. I am therefore inclined to think that it, too, was engen- 
dered by changes (lesser ones) in atmospheric carbon dioxide 
pressure and th ,t it, too, expresses imbalances between the 
rates at which carbon dioxide is added to the outer Earth by 
volcanism and withdraw'n from it by w'eathering and sedimen- 
tation (see discussion below). Indeed, just as the long-range cy- 
cle is here attributed to first-order changes in volcanism and in 
sea lev'el, so the 30-m.y. cycle seems to match diorter fluctua- 
tions in these factors (Damon, 1971). 

300-Million-Year Level 

In the last 700 m.y. the Earth has undergone thre*!' major epi- 
sodes of glaciation, during which ice caps not only covered one 
or both of the polar regions but extended at times more than 
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FIGURE 9.1 Pelagic diversit>'. superpredators^ and blooms of op- 
portunists over last 220 m.y. On left, changes in ^obal diversity. 
C^iera of ammonities (A) and ^>ecies of planktic (globigerinacean) 
fbraminifera (C), plotted logarithmically. Episodes increasing 
diversit)' are separated by biotic crises of varying magnitude. Crises of 
moderate and high intensity recur at interv'aLs of approximatdy 32 
m.y. (shaded bands, derining se»^en c>'clic episodes or pulses of diva^- 
ficadon: polytax>'). These essentially coindde with transgressive pulses 
of Crabau (right). Each polviaxic pulse brought superpredators ex- 
ceeding 10 m in length, a role that has been successivdy filled b>* idi- 
thyosaurs, pI«osaurs, mosasaurs, whales, and diarks, asdiown in mid- 
dle. Superpredators are know n only from stages opposite the names. 
Mtd-Triassic ichthyosaurs: Cymbospondylus and Shastasaunis; Toar- 
dan ichthyosaur; Stenopterygius; Oxfordian pliosaur: Stretosaurus; 
Albian pliosaur: Kronosaurus; Campanian- Maastricht! an mcKasaurs: 
Hainosaurus and others; Eocene whale; Basilosaurus; Mio-Pliocene 
shark: Carcharodon megalodon. Biotic crises are accompanied by 
local mass-occurrences of single pelagic species, rare in normal hiota.s. 
These are interpreted a.s blooms of opportunists and have been plotted 
in black drdes. B, Braarudosphaera, a coccolithophorfd; P, Pitho- 
ndla, a problematicum; E, Fthmodiscus rex, a giant diatom. From 
Fischer and Arthur (1977). 


halfw'ay to the equator (.see Chapter 6 for summary and litera- 
ture). I’mes of these first-order glaciatioas (Figure 9.3) are 
Late Precambrian (about 750-650 m.y. ago (Ma)], Late Car- 
boniferous-early Permian (340-255 Ma), and Pleistocene- 
Recent, having commenced about 2 Ma and stretching on into 
the unknown future. Another glacial episode, of lesser vigor 


and short duration, was associated with the end of the Ordovi- 
dan, about 435 Ma. 

In between, tlie world seems to have lacked polar ice caps. 
The Paleogane of the Ardic region, for examine, contains a 
warm temperate to subtropical forest assemblage including 
large trees, remains of amphibians, a wide range of reptiles, 
and, among the mammals, horses and monkeys (Kodi, 1963; 
West and Dawson, 1978). Also, the marine moUuscan fauna of 
western Greenland is distinctly subtropical (Kollmann, 1979). 

This paleobotanical evidence for a once very different world 
is corroborated by the marit^ record: Hie present ocean's 
warm waters are confined to a thin surRdal laya* in the lower 
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FIGURE 9.2 Paleotemperatiires derived from ox\gen isotope ratios 
in calcitic fossil skeletons, assuming constant oxygen isotope ratios in 
seawater. 1, bdemnites. northwestern Europe, uncoirected lat. 45- 
55°; 2, planktonic foraminifera. South Atlantic, uncorrected lat. 
30-32°; 3, planktonic foraminifera. South PaciBc, uncorrected lat. 
47-52°; 4, planktonic foraminifera, tropical Pacific, uncorrected 
lat. 7-19°. From Fi.<cher and Arthur (1977). 
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FIGURE 9*3 Rdation of inferred dimates to secuiar patterns in vo!> 
canism« sea levd, and organic divndty* Vokanism: entplacement of 
plutom in North America, after Engd and Engd (1964)* Sea levd: A, 
first-order eustatic curve of Vail et al, (1977); B, compromise b^een 
North Am^^n and Russian records, constructed from Hallam 
(1977); the scale at left refers to this curve. Biotic rew^‘. N, Sfchli et 
al.*^. (1969) curve of disappearance of animal fancies; C, net gain- 
and4oss curve of Cutbill and Funnd (1967), overlap shaded. Inferred 
dimatic states from Fischer (1981); minor osdUatfcg^ tSdiich may 
bring about growth of ice dieets, shaded) after Fischer and Arthur 
(1977). Diagram modified from Fisdier (1981). 

and middle latitudes. Bottom waters are close to the freezing 
point throughout the oc^ns, and the mean temperature of the 
oceanic water masses lies at about 3°C. While we do not have 
reliable measurements of paleotemperatures— oceanic or 
otherwise— for the ice ages of the Paleozoic and Precambrian, 
it seems likely that their oceans had a temperature and struc- 
ture rather similar to that of today. 

In contrast, studies of oxygen isotopes from Cretaceous 
oceanic deposits (e.g., Douglas and Savin, 1975) show that the 
temperatures of the bulk of the Cretaceous ocean masses lay in 
the vicinity of 15°C, i.e., that the mean temperature of the 
oceans averaged some 10® above that of the present ones. This 
suggests that bottom waters were not formed as today, by 
chilled polar surface waters mixed with a .strong dash of melt- 
water from the polar ice caps. Several alternatives appear pos- 
sible. Either lightly cooled surface waters descend^ in the 
high latitudes, to form a bottom water of simple origin, or, al- 
ternatively, bottom waters generated in the paraequatorial 
dr>^ belts (horse latitudes) to form a deep w arm layer, as yet not 
sampled. A likely compromise is that bottom waters arose from 
a mixture of both of these processes. 

In diort, it appears that the Cretaceous and Paleogene 
periods had a markedly different climate and ocean: tropical 
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temperatures were much as they are today, while the tempera- 
ture gradient toward the poles (and, In the ocean, toward the 
bottom) were very mudi lower. This implies a more uniform 
distribution of ener^ received from the Sum The mo s t a pp eal- 
ing mechanhan for this is that of a climatic **greenhouse** 
(Budyko, 1977; Manabe and Wetherald, 1975), in whidi an 
enHc^ent of atmosphaic carbon dioxide inhibits radiation 
losses of energy into space. Temperatures in the tropical seas 
would not rise appreciably, because of im^eased evaporation, 
but the water content of the atmosphere would inorease, and 
the transport of heat to the higher latitudes would occur iarg^y 
as latent h^t of evaporation, released in the hi^ latitudes by 
heavy rainfall. 

Flsciier (1981) has contrasted these cdimadc states of the 
Eardi as the "*ic^ouse stete** and the “greenhouse ^te** (Fig- 
ure 9.3). I view the history of the last 700 m.y. as a passage 
throu^ two great ic^ouse-greenhouse cycles ami into die 
be^nning of a third. Associated phenomena induck first- 
orckr changes in sea level, mean ooean temperatures, and 
oceanic aeration, possibly linked to cdianges in vcicanidfy and 
plate motions, as explained bdow. The transitions hrom one 
state to the oth^ appear to be punctuated by the four major 
biotic crises. A special explanation, in this sc9mme, has to be in- 
vented for the gladation and biodc crisis at the end of Ordovi- 
dan time. 

Associated Phenomena 

Volcanism Long-term secular variations in global voicanism 
are not easily apprehended. Of the various volcanic processes, 
those associated with the generation of the oceanic lithos{^re 
rank largest, but their pre-Jurassic record is lost by the recyd- 
ing of the oceanic crust bac^ into the mantle. On the conti- 
nents, the great andesitic volcanic piles formed at convergent 
plate boundaries are largely lost to erc^on. The best record of 
long-term volcanism is probably that of the granitic plutons 
that form the substructure of these belts (Fischer, 1981). 

If we may take the emplacement of such plutons as indica- 
tive of volcanic activity in general, and if North America is rep- 
resentative, then a plot of the rate of “granite** emplacement in 
North America, through geologic time, should serve as an in- 
dex to worldwide volcanicity. Such a plot, by Engd and Engel 
(1964) is shown at the bottom of Figure 9.3. It is essentially 
bimodal, showing one broad (and bifid) peak diat matches the 
inferred greenhouse state of the Ordovidan-Devonian and 
another, sharper peak that matches the Mesozoic greenhouse 
interval. 

Sea-Level Change The eustatic curves by Vail et al. (1977) 
show the fluctuations of sea level relative to the continents. 
While this ckmonstrates a lively history of sea-level osdlla- 
tions, its most generalized version— Vail’s first-order curve or 
Hallam’s (1977) curve (here modified by Fischer)— coindde 
with the inferred succession of icehouse and greenhouse states: 
the three major glaciations occur within the three lows of the 
curve, while the greenhouse states correspond to the highs. 
While gladation itself drives sea level through osdliations 
because of withdrawal of water from the hydrosphere into ice 
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caps, the longer persistence of these first-order lows shows 
them to have been a condition for the growth of ice sheets. The 
latter merdy contributed feedback. For the reasons why high 
sea levels should coincide with greenhouse states, see below. 

Oceanic Aeration The ocean of our day is moderately well 
oxygenated throu^out, so that animal life, dependent on 
aerobic respiration, is possible on almost all bottoms ami 
throughout almost all of the water mass. Exceptions are en- 
countered only in localized areas such as the Black Sea, the 
Cariaco Trench, and the Santa Barbara Basin and, seasonally, 
in certain tropical belts of upwelling. Because of this, bottom 
sediments are almost everywhere stripped of organic matter by 
scavengers and bacteria and are plowed and mixed in the pro- 
cess (Fischer and Arthur, 1977). Accumulation of petroleum 
source beds is at a minimum. 

In contrast, during much of the past, black, organic-rich, 
finely laminated sediment was widely deposited on marine 
bottoms deprived of free oxygen. In my experience, wide- 
spread anaerobism of this sort peaked in the Ordovician to 
Devonian interval and again in the Jurassic and Cretaceous 
(Fischer and Arthur, 1977; Jenkyns, 1980). These times cor- 
respond to the greenhouse states. Berry and Wilde’s (1979) 
alternative explanation, that the Paleozoic black shales are 
holdovers from the poorly oxygenated atmosphere of the Pre- 
cambrian, fails to explain the earlier (Lower Cambrian) 
spread of highly oxygenated (red) fossiliferous marine sedi- 
ments, as well as the recurreiKJe of anoxia in the Mesozoic, 
Within these episodes, there was a waxing and waning of an- 
oxia, on what Fischer and Arthur (1977) interpreted as a 
30-m.y. cycle, as well as on the yet smaller scales of the 
Milankovitch cycles. 

The causes for these variations in oceanic aeration are not 
resolved. We may think of the ocean in analogy to an organism 
that digests food: In anaerobic periods, the sea has indigestion. 
This may be brought on in one of two ways: either by a surfeit 
of organic matter supplied to it, which overwhelms its diges- 
tive capacity% or by a breakdown in the digestive system itself. 

Fischer and Arthur (1977) ascribed mainly to the latter 
cause and linked aeration to the cooling of oceans, which (a) 
permits a given volume of water to absorb more oxygen while 
in contact with the atmosphere and (b) favors a vigorous 
marine circulation, shortening the residence time of water in 
the depths, between times of recharge at the surface. This ex- 
planation thus offers indirect evidence for a warming of seas 
between times of massive glaciation. On the other hand, the 
greenhouse state is likely to have increased organic production 
on the lands, owing to more plant growth in high latitudes, to 
more widespread rainfall, and to the greater availability of 
carbon dioxide. It seems likely that during greenhouse states 
the supply of organic matter from the lands to the oceans may 
have been greater than it is today. I have therefore come to 
Ix'lieVw' that both factors worked together to promote oceanic 
anaerobism. 

Punctuation by Biotic Crises 

Two curves at the top of Figure 9. 3 illustrate dianges in faunal 
diversity revealed by the fossil record. N is Stehli et o/.’s (1969) 


compilation of the disappearance of animal families; C is Cut- 
bill and Funnel s (1967) analysis, depicting net gain and loss In 
invertebrate diversitj . Six times of large-scale disappearance 
of taxa — first-order biotic orfaes, numbered 1-6— sttfid Si^Ih 
both curves. Of these, numbers 1 , 3, and 5 coincide rather well 
with the boundaries between the climatic states suggested in 
the middle of the diagram. Number 2 coincides with the bri^ 
plunge into glaciation that occurred in the middle of the Early 
Paleozoic greenhouse. In a previous paper (Fischer, 1981) I 
sought to relate crises 4 and 6 to the dimatic transitions as wdl , 
but this does not appear fearible. Both occur too soon, 4 bdore 
the breakup of Pangea, 6 before the greenhouse came to an 
end, as evidenced by the warm nature of the Arctic in Paleo- 
gene times (see above). Also, there is now strong evidence for 
an extraterrestrial origin of crisis 6 (Alvarez et aL, 1980). The 
transition to the Late Cenozolc icehouse state is marked, in- 
stead, by the Late Eocene-Oligocene biotic crisis, which does 
not show on Stehli et al*s curve, is a second-order crisis in Cut- 
bill’s and Funndl’s compilation, and was stron^y developed in 
the marine realm (Fischer and Arthur, 1977). 

Possible Causes 

Elsewhere (Fischer, 1981), I have suggested that the fluctua- 
tions in atmospheric carbon dioxide content result from fluc- 
tuations in the rate of supply (from volcanism) and in the rate 
of withdrawal (by the linked processes of weathering and tjdi- 
mentation) (Budyko, 1977; Holland, 1978). Both are linked to 
a major cyclic process— mantle convection. The hypothesis 
can only be outlined here. 

While there is much uncertainty about the manner in which 
the lithospheric plates are driven, thermal convection of the 
mantle is generally taken to be the ultimate cause (e.g., Mor- 
gan, 1972). There is no reason to suppose that this process runs 
at a constant rate, and Fischer (1981) has proposed that the his- 
torical pattern in which episodes of continental dispersion and 
episodes of continental aggregation succeed each other results 
from a cyclicity in mantle convection in the following manner. 

In one phase, the mantle is in a quiescent state, having few 
and slowly turning cells, which tend to sweep the continental 
masses together into one pangea. As a result of few cells, the 
total length of midoceanic ridge is relatively short; becau«!e of 
slow convection and slow spreading rates, the ridge is relatively 
narrow. It follows (Russell, 1968; Hays and PitUian, 1973) that 
the displacement of waters from the ocean basins by the ridge is 
small and that the continents stand high and dr>^ Contribu- 
tions of carbon dioxide from the interior to the ocean-atmo- 
sphere system are at a low, because both basaltic volcanism in 
rift zones (which brings carbon dioxide from the mantle) and 
andesitic volcanism from subduction zones (which recycle 
lithospheric carbon back to the atmosphere) are minimal. At 
the same time, the large area of the lands implies that uptake of 
carbon dioxide by weathering is at a maximum. As a result, a 
high atmospheric content of carbon dioxide, inherited from a 
former state, cannot be maintaintd. Carbon dioxide pressure 
will drop until the rate of weathering slows and the rate of car- 
bon dioxide withdrawal approaches the rate of volcanic addi- 
tion. This low balance results in the development of the ice- 
house state. In this, the growth of a glacial armor over the lands 
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further reduces weathering, providing a negative feedback 
that may help to explain why the Earth has never turned into a 
complete iceball. 

Mantle convection incfeases, by development of more cells 
and of more vigorous convection. New rifts develop, and old 
ones spread more rapidly. As marine ridges grow in length as 
well as in width, and as continents spread out by rifting, sea- 
water is displaced, flooding the continents. The increased vol- 
canism in rift belts and in belts of plate convergence raises the 
output of carbon dioxide to the atmosphere-hydrosphere s>'s- 
tem. At the same time, flooding of the continents cuts carbon 
dioxide losses to the^ithos^re by weatiiering. The net result 
is that atmospheric CO 2 pressure must rise, until the weather- 
ing rates, increased thereby, once again withdraw carbon 
dioxide at rates matching the volcanic addition. This high bal- 
ance results in the greenhouse state. 

The late Ordovician ice age, coming in the middle of a 
greenhouse episode, at a time of sea-level highs, and associated 
with a major biotic crisis, seems altogether exertional and 
asks for special explanation. One possibility that cf>mes to mind 
is that of a greenhouse that overshot, producing a cloud cover 
so dense as to reflect enough of the solar radiatirin to cool the 
Earth. The alternative is to find a geologically transient sink 
for carbon dioxide. 

Conclusions and Problems 

Global climates have alternated between states susceptible to 
widespread glaciation (icehouse states) and greenhouse condi- 
tions. Two such cycles have been completed in the 600 m.y. of 
Phanerozoic time. The reasons for them are not firmly estab- 
lished. While several authors (cf., Pearson, 1978) have sug- 
gested a tie to changes in insolation, related to the cycle, of 
galactic rotation, an apparent correlation with sea-level 
changes ami volcanicity suggests an internal cause. This is here 
sought in hypothetical cycles of mantle convection, which 
drive sea levels and atmospheric carbon dioxide content by in- 
dependent pathways linked by a feedback mechanism (weath- 
ering). Whereas the Phanerozoic record suggests a length of 
about 300 m.y. per cycle, a rigorous periodicity throughout 
Earth history is not implied, inasmuch as mantle behavior 
must change in a cooling Earth. Nevertheless, it seems likely 
that we are in the early part of an icehouse state. 

Riding on this long cycle are a family of smaller climatic 
fluctuations, of which one seems to have a periodicity of per- 
haps slightly more than 30 m.y. In this one, too, the climatic ef- 
fect may depend on changes in carbon dioxide, but the mecha- 
nisms remain obscure. 


CONCLUSIONS 

In summary, I suggest that the stratigraphic record holds evi- 
dence of a wide range of global changes in climatic state. 
Largest among these * re the 150-m.y.(?) alternations between 
the major greenhouse and icehouse states. We know only the 
latter, and the traditional attempts to recoastruct the Mesozoic 
or the mid-Paleozoic world along strictly actual istic lines are 
grossly inadequate. 
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Upon this great cyde rides a smaller one, having a period 
somewhere around 30 m.y. to36m.y., which mimics the large 
one on a smaller scale and which is recorded in its effects on 
life. The oligotaxic times that happen to coincide with the 
turnover In the large cycle, from its greenhouse phase to its ice- 
house phase and vice '/ersa, are particularly pronounced as 
some of the world’s great biotic crises. 

Smaller pre-Pleistocene climatic oscillations are seen at the 
500,000-yr level, at the 100,000-yr level, at the 50,000-yr 
level, and at the 20,000-yr level, in round numbers. These ap- 
pear to match similar periods in ice flux within the Pleistocene, 
which have been attributed to climatic effects of the Earth’s or- 
bital perturbations. These rhythmic events are recorded in a 
wide variety of sedimentary sitings and record a multitude of 
pathways by means of which dimatlc change became expressed 
in sediments. We have only begun to recognize them and are 
far from any understanding of them. 

In the normal course of devdopment, we could expect to 
slide more deeply Into the icehouse state for some millions of 
years to come, with continued gradual loss of species. The 
burning of fossil fuels may instead provide a brief brush with 
the greenhouse state within a generation. That would be a 
brief passage only, limited by the amounts of fossil fuels avail- 
able. The ejects on dimate, I must leave to others more quali- 
fied. However, I believe that a full greenhouse of the kinds that 
existed in the mid-Paleozoic and Mesozoic would require the 
complete mdting of the ice caps and the warming of the oceans 
as a whole. That would produce a major biotic crisis of the sort 
that brought about the partial or complete collapse of some of 
the world's organic communities in Devonian, Triassic, and 
Oligocene time. That event seems unlikely to occur for another 
70 m.y., but even a brief brush with greenhouse conditions 
may upset the accustomed structure and behavior of atmo- 
sphere and oceans. It might thus have marked effects on the 
biosphere and on human life and history. 
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INTRODUCTION 

Lake deposits and evaporites are sensitive indicators of local 
climatic conditions and changes in climate — lakes because 
they are ephemeral and owe their existence to a delicate bal- 
ance between hydrolog>% sedimentation, and tectonics and 
evaporites because they represent extreme stages of desicca- 
tion. The ver>' aspects that make these deposits valuable for our 
purposes are also responsible for some of the difficulties en- 
countered in extracting climatic inferences. Few lake deposits 
are large enough to have attracted the general attention of ge- 
ologists, notable exceptions being Devonian Lake Orcadie 
(Old Red Sandstone), Triassic Lake Lockatong, and Eocene 
Lakes Gosiute and Uinta (Green River Formation). The lacus- 
trine record in the geologic column has y«t to be tapped, al- 
though a fine summary of paleolimnolog^' in North America 
has been provided (Bradley, 1963). 

Evaporite deposits, especially of marine derivation, have 
been studied extensively, if not exhaustively, in part because of 
their economic significance (see recent summaries by Dean 
and Schreiber, 1978; Holser, 1979). Evaporite minerals re- 
spond readily to postdepositional changes. Because deposi- 


tional and postdepositional processes form a continuum, min- 
eral textures and sedimentary structures must be interpreted 
with great care. 


LAKE DEPOSITS 

The study of ambient lake deposits has been helped immeasur- 
ably by limnologists, sedimentologists, and geochemists, who 
make observations on active lakes, and b>' geologists, who have 
concerned themselves with Pleistocene lakes and their Holo- 
cene residues. Paleoclimatic information may be contained in 
the nature of the basin itself as well as in the material that filled 
it. Every lake deposit is testimony to at least two important en- 
vironmental changes, one initiating lacustrine dep^tlon and 
the other terminating it. Climatic factors may be involved in 
either or both events. For instance, glacial lakes often form 
during a warming trend, and they can be recognized from the 
shape of the basins and the fact that many are dammed by 
moraines. Tectonic events unrelated to overall dimatic change 
may lead to steepened hydraulic gradients and increased pre- 
cipitation in the watershed and hence earlier filling of the 
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basin. Choking with sediment probably is the most common 
death of lakes, but lakes can also dry up. In that case, a clear 
record is usually l^t in the sediment in the form of an evapo- 
ritic terminal stage. 

Reliable reconstruction of dqxisttional environments of lake 
sediments, a prerecfuisite for extracting dimatic inferences, 
c^)ends on a whole array of geologic, geod^mical, and geo- 
physical tools. Most of our experiences have been gained from 
Holocene-Pleistocene settings (seee.g., Gilbert, 1890; Hansen, 
1961; Jones, 1965; Neev and Emery, 1967; Ancki^n and Kirk- 
land, 1969; Brunskill, 1969; Ludlam, 19^; Irion, 1970, 1973; 
Muller et al., 1972; Degens et al., 1973; Eardley et al*, 1973; 
D^n and Gorham, 1976; Eug^r and Hardie, 1976, 1978; 
Friedman et al,, 1976; Hardie et of., 1978; Junes and Bow^, 
1978; Kelts and HsU, 1978; Lerman, 1978; Matter and Tucker, 
1978; Muller and Wagner, 1978; Smith, 1978, 1979; Stoessel 
and Hay, 1978; Stoffers and Hecky, 1978; Ceding, 1979; 
Yuretich, 1979; Bradbury and Whitedde, 1980; Eugster, 
1980; McKemdeet a/., 1981; Sims eta/., 1981; Spencer eta/., 
1981a, 1081b; Smith et at., in press). Once ^ stratigraphic 
time lines have been establidied for a particular basin, using 
traditional approaches as wdl as radiogenic dating, tephro- 
chronology, paleomagnetics, amino add racemization, and 
other methods, facies maps are constructed Information on 
sedimeiit type, sedimentary structures, mineralogy, isotopic 



ANNUAL TEMPtRATURE Cf) 

nCURK JO.J Cfirrdatjon between annual predpitatirm. net evap- 
oration (evapriration from lake surface-precipitation on lake surface), 
and mean annual tem|)erature for dosed- baixin lakes. From hanghein 
( 1961 ). 


compo^tions, biota (sudi as ostracocks, diatoms, alga®, mol- 
luscs, and fish), and pore-waler chemist are comUited In a 
detailed reconstruction of the (kpc^tional «ivironments and 
their evolution in space and Ume» Comparkons widi a< ^ « » n t 
basins may then make It posdble to se|Hirate local dianges due 
to hydrology or tectonics from r^oi^ dimatic traick. 

Such studies are difflead t at hesk and are most likdy to 
ceed in Holocene-Pldstoctme badns, whm one mommit In 
time can be studied directly. For older deposkU Aiae often ex- 
ists ebubt wheth^ they are in fact lacustrine or not. Such 
^posits can usually be iefenrifted as siKdi fro.’^ llttadc^ias, sedi- 
mentary striKtores, and fossil content. Associated rock units 
formed immediately preceding or contemporaneot^y with 
lake c^posits may also be good imhcato». For imUmce, die 
Green River Formation is d^ned as a km d laoirtrine 
deporits following and Interbedded with the um|ue^naUy 
continental and largdy fluviatile Wasatdi formatkHi. Anmi^ 
evaporites, lacustrii^ dqx^ts can most reacRIy be id»ittfied if 
their ch^istry was alkaline, an evduticHiary |»di nc^ wcccaA* 
ble to smwakt d^atives (Hardie and Eugite, 1970). 

The time exigence of lakes in a partkular bemUty cen^im 
little climatic iiddrmatkm, becaioe lakes can exist frcmi imkk 
to trc^cal ^nironmmts. Futhemiore, many lakes are ftmned 
by noncdimatic ev^ts, including tectonic grab^ Iakes« oxbow 
lakes (charnid migration), vcrfc^i^ lakes, and landdkle lakes. 
Most us^ w'ill be ^ac^al idees and evapoiitb lakes. We will 
focus on the latter; glia^ai deposits are treated ebewhere 
(Chai^ 6). Geologic and geochmical work on saline lakes 
has been summarized recently (Eugst^ and Hardie, 1978; 
Hardie eta/., 1978; Eugster, 19^). 


SALINE LAKES 

Saline lakes form in hydrologicaily dosed basins undo* condi- 
tions where evaporation exceeck inflow. Iliey respond to di- 
matic conges, and hence thdr deposits contain exodloit rec- 
ords of sudi dianges. Most puMtdied studies have dealt with 
Pldstocene-Hdocene examines siKh as Searles Lal» (Smitii, 
1979), Lake Bonneville-Great Sait Lake (Eardley efol., 1973), 
or Lake Lisan-Oead Sea (Begin et at., 1974). 

A classic study dimatic parameters that deflne dosed- 
basin lakes was presented by Lan^idn (1961). Figure 10.1 
diows the interrelations between temperature, predftiUtion, 
and net evaporation. In re^mie to changes In the inflow- 
evaporation balance, closed lakes go tiiroi^ cydbs witii 
respect to lake levd, areal uxwiit, volume, and salinity'; such 
cv'cles are reflected In thdr deporits in a variety of ways. Trans- 
gressive-rc^tre^ve events may be recognized by sedimentary' 
structures and dianges In ll^logies. Good exampbs are die 
depositional c>des described by Eugster and Hardie (1975) 
from the Wilkins Peak Memlier of the Green RVer brniation. 
Transgresrion is indicated b>' flat-pdiUe oof^omerates duit 
are u»ially followed b>' oil shales, indicating a higher lake 
stand. Oil shales gradually give way to muefflat faskes rocb in 
response to falling lake levds. Extrenw regressbn is indicated 
by evaporite accumulation. In reacting this record we must be 
conscious of the many ways in which the inflow-evaporation 
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balance can be ^wted: tectonic changes, hydrology, and di- 
mate ill playing thdr part. 

In fredi hkes, the mlneralo^ irf tf^ sedlmenb Is tmially in- 
herited tke bedrock Utbologiaa of ^ \vatershed ^Jones 
and Bowser, 1978). In cotiirast. progresdve dedccation a 
dc»ed hisln biinp widi it pnAiund changes In the dietnl^ 
d watm and hence dso the diml^ secBments (Eug^ 
and Jones, 1979). Some of these dianges may be ittdul as indi- 
cators of the onset arid condidons ev^ when evaporlte d^ 
ositlon never took place. Perhaps the mc^ usdiil min^ab are 
the alkaline eardi carbonates o^te, amgonito, and dolomite. 
In general, because CaC 03 jnodpitation b rdatod to evapora- 
tive concentratini), increadf^ ^inity increases die Mg/Ca 
ratio the water. In re^me, the i^ndpal wbonate predp- 
Itate may change from low-Mg caldte to hi^-Mg oddte and 
ev^tually aragonite. Good auun|ries have be^ desnibed by 
MCdl^ ftom a variety Holocene and UdMocene lakes (hr 
enunple, LaSce Balstcn, MCdler ami Wapier, 1978). Groit Salt 
Lake, Utah, near the Holocraie-Pid^ocene boumlary esperi- 
aic&d a drq> 100 m in less than 2000 yr, a <bop rec o rde d in 
the carbonate mineralogy as wdl as In the oxygwi Isotopes of 
the carbonates (McKenzie et a/., 1^1; Spencer et at,, 1981a, 
1981b). 

An excellent record of arid conditions may also be left in the 
authigenic mineral assemUages, because mineiab form 
by reaction of intesdtial brine with vdcanog^dc or dianical 
s^ments. Best known are the zedite sequ«x«s of alkaline 
lake deposits (Surdam and Sheppard, 1978). Increadng salinity 
is reflected In the seqi^nce ^mctlte-zeollte-anadinie-K-fdd- 
spar, with the dominant zeolites bdng fMIipsite, dinoptilo- 
llte, erlonite, and chabazite. Sudi sequences may be dl^ayed 
laterally or vatically. Bectt^ high-pH brines are neceMry, 
zedites do not form in Cl or S 04 -domlncted bases. Saline, 
alkaline conditions are also indicated by the pre s en ce oi 
Magadl-type cherts, that is, cdierts duit have formed bom a 
sodium silicate precursor, smdi as magadiite. 

The dimatsc information to be extracted fnmi saline lake 
deposits must be calibrated in comparison with ^tlve salt 
lakes. Considering smdi dvme settinp as Great Salt Lake 
(Utah), E>eath Valley (California), IXad Sea (Asia), Lake 
Chad (Africa), Lake Uyuni (Bdivia), Lake Vanda (Antarc- 
tica), Tso-Kar Lake (Lhadak^ it bmmes dear diat saline 
lakes do not give independent information on latit ude, temper- 
ature, preddtation, and other dimatic {Mrameters, but they 
do tdl us that in diese localities evaporation exceeds inflow. 
Evaporation b experienced at the lake levd. but inflow is a 
complex product of hydndogic processes in the endre wat^- 
shed. Mean parameters, such as mean annual humidity, are 
not safe guides, because a rainy season can be compemated for 
by an intense dry period. Also, we realize that salt lakes do not 
occur in the fm)St extreme des^ for lack of inflow. Ideal set- 
tings are down-faulted valle>' (lows in the rain shadow of 
mountains that act as mow catch. 

There is no doubt that the most valuable dimadc informa- 
don contained in lake depodti rdates to diort-term tmnporal 
changes and to local diffmnees between ad|m»nt iMsins. This 
is most dearly donimentod in the Eocene Green River deposits 
of Utah, Cdorado, and Wyoming. 


THE GREEN RIVER FORMATION 

Paleolimnology, palooclimatology, and tl^ Green Riv^ for- 
madon are in e x t riaiMy linke d, as demonstrated diroogh d» 
woHc of Bradley (1929, 1931, 1948, 1963), who comidned a 
wealth of informadon to (feduce thedimate of t)^ r^on at the 
dme erf dqx^don. Bradley was loroed to overdmpl^ mi 
^i^alize in dedtKdng a Grera Riv^ dimate. Paleote^- 
^afrfiic arguments flxed the badn Hoots at 1000 ft. Udng the 
pint-sproce di^budon of die Southm A{^adiiam, mOTin- 
taln creds were fiml at a ndnlmum devadon erf KXX)*800D ft. 
Semal lines erf evk^ice yMefed annual tempmtures of 

67^F. Frcmi Langbein's (1961) formulas, Bradley calculated 
an annual predfdtadon erf 34 in. at the lake levd for a just-full 
stage and an avOTageerf38 in. for the whede wateidied. During 
dmes erf ovoflow, predfrftadon mu^ have been hi^ier. Dur- 
ing evaporite dqx^tion (WUIdm !^k dme), mear arniual 
l^edfdtadon was estimated at 24 in. The large and varied 
flen^a, whkdi contained cypress and pdm trees (see, for exam- 
|de. Brown, 1^, M^rf^iidde, 19^), persuaded Br»&y to 
odl die entail dimate warm-tmpOTate like that erf die {»es- 
ent Gulf CeMut states. 

Recent w'ork on the Green River formation has led to some- 
what eh^ent oondusions (Eugster and Hardie, 1973, 1978; 
Surekm and Stanley, 1979, 1^). We have focused nmre an 
dw ehd^ences between on the t^nporal cdianges, and 

on dw oom{d«dty erf die en\ironn^ts. In modifyii^ Bnui^*s 
conclusions, we have rdied heavily on sedimentologlcal 
arguments ami on our experience with active condn^tal 
evaporites. 

llie Eeic^ie Grrni River formation was deposited in at lea^ 
diree teudns, whledi were oocufrfed by Lakes Uinta and Geidute 
ami Fosdl Lake (see Figure 10.2). llie Uinta and Green River 
(Geisiute) Batins, separated by the Uinta Mountain, were very 
large, with wide, flat floors. Thdr prindpal sedimOTits are oil 
shales, which are rocks rich in carbonates ami kerogen. 
Although It is clear that Lake Gotiute at times drained into the 
Uinta Batin (Bradley, 1963; Surdam andStanle\\ ^979, 1980), 
we Ldieve that there is good sedlmmtolc^cal evidence that 
both hatim were hydrolo^cally closed throu^iout most < f 
thdr lives. Shallow, oti-tiiale produdng lakes were surroundeu 
b>' playa fringes, who’e carbonate mud was produced, modi- 
fied, transported, and redepodlted (see Smoot, 1978). Lake Ic". 
ds flmrtuated extentivdy, and waters varied from brackish to 
saline. The iMitins sou^ of the Uinta Mountain contained 
lakes for a mudi longa* time (at least 12 million years) titan did 
the Green River Batin (a^ leati 5 million VOTirs). In fact. Lake 
Gotiute not only was of tiiorter duration, but during part of its 
life it wa.s more ephen^al in nature. At leati 25 separate epi- 
sodes have been recorded during Wilkins Peak time, where the 
lake essentially dried up and became a salt pan. Salt deposition 
also occurred in !.ake Uinta to the south, btit less fr^uendy 
and on a more localized scale. During mudi of its existence. 
Lake Uinta was a permanent lake with oil tiiale one of Its prin- 
d)Md depotits. APhou0i the stratigraphic currdations and age 
dates are still indoubt (0*Ndll et o/., 1981), it seems c^ear from 
the summar)' of Wolflniuer (1971) that evaporites frequently 
were dc|)oslted in the north while oil shales formed in die 
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FIGURE 10.2 SediinenUry deports EoCwiie l4iket UlitUi (Uinta 
and Pkeanoe Creek Mns) and Gotiute (Green River and Wadialrte 
Rasim) and Fo»U Lake (Fossit Rasln). L Gieen River Formadon; 2, 
bedded salts; 3, basement. From Eusno* and Hardk (107B). 

south. Such local differences in the evaporati(Hi*lnflow bal- 
ancc are not surprising and may be due to a number of factors. 
However, O'Neill et aL (1981) conclude Uiat the “hi^ stands 
of Lakes Go^ute and Uinta were esa^itlally syndironoi^ and 
therefore were llkdy controlled by climatic rather dian tec- 
tonic factors.** Surdam and Stanlev' (1980), in a comparison d 
the drainage basins and sedimentation histories of die two 
basins, take the oppodte portion: "Basin filling and mdarge- 
ment of the drainage system were probaUy a consequ^ioe of 
tectonic activity and ^l^lity of thr Sa^ns and ac^Ment up- 
lifts, althou^ dimatic comlitions that increased sediment 
yield and runoff in the hydrograi^iic basins also could have 
hastened their filling. However, it is difficult to ecpiain pat- 
terns of evaporite minerals, oil dude, mudstone, and sandstone 
formed in Lakes Gosiute and Uinta If dimate was the domi- 
nant factor.** 

While Lakes Goaute and Uinta went throuidi their evolu- 
tionary changes, the much smaller Fossil Lake to the west (Fig- 
ure 10.2) was caught between the ridges td the Thrud Bdt. Fed 
perhaps by a precursor of the Snake River, this la^ was more 
like a tuh, narrow, long, and probably deeper (most of the 
time). Its sediments are the dassic varve limestones rften taken 
as prototype Green River rocks, whidi contain die famous, ex- 
quisitely preserved fish fossils. We now know that dieie rocks 
owe thdr e«i«tenoe to ipedal dreumstanoes that have to do as 
much with hydrology and sedimentation as with dImate. No 
sizable accumulations of evaporltes or oil dudes occurred, 
probably because the lake was deeper and sediment-choked. 
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MARINE EVAPORITES 

Marine evaporltes have tra<hdr V been useful fUmadc ImB* 

oitors because id didr Inilk and i^oiis cydicity. Aldioi^ 
they’ occur dmmi^iout the gec4oglc column from the Precam- 
Inian miwrrd, there are deflidte centers id evapc»ile ihpod- 
tions in time and space (see iCozary et ol., 1968), fmr exasii{^, 
during die Devonian in North Asn«^, the Pmnlan . nd the 
Triasde in Etmpe, and the Jumic in Ni^ Am^ka and Mio- 
cene in Europe. As has been pointed otst olt»i, no lai^e-scate 
evmgoeitee are tormli^ at prei^ anywhere im Earth. There 
sems to be no lack id evaporltk environments, but the neces- 
sary deposlHonaJ conditioos do not odndde. Again, the {ues- 
enceidevapiultes isdueas much to tectimlc as dinuitk factors. 

Omet of evapondc conditions can often be recognised frimi 
underlying and latmlly contiguous sedUm^iti. Biogadc lime- 
stones and red depc^b are common precursOTs, indk»ting 
that trofdcal to subtropkal dImates prevailed. Odier 
nkan-rkli sediments »ich as oil dudes reocrnd die inoeadng 
preservation, if nc^ productivity, id organk matter in pene- 
saline environments. I^t^aUy asKxiated witii evapoiile dep- 
ositiim, continental sediments such as led beds, arkoses, and 
conglomerates may accumulate in down-faulted basins. 

Although there mud be a much better oorrdation between 
marine evaporltes and latitude than tiiere is bdween omitin^ 
tal evapoiitos and latitude, there is no intiinsk ream why 
marine evaporites cmild not form at high latitudes, c io qd lor 
the fiuH that evaporation rates are so mud) lower. It dio^ be 
poaslMe to reco^ze sudi deyxirits 1^* the pr es ence of ndrM- 
lite. Na^O^ * IOH 2 O, a typical pred|ritate formed by chttling 
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of brines having the compositiori of concentrated seawater 
such as those of the Great Salt Lake of Utah. 

For die presoit discussion it is useful to separate marine 
evaporites into three groups: ( 1 ) those dominated by gypsum 
and anhydrite, ( 2 ) those <kiminated by halite, and ( 3 > potadi- 
bearing deporits. By far the largest number of deposits 
belong to the gypsum*anhydrite group, and these deposits are 
best understood because them are good Holocm analog. 
Salddia settings such as diose of the Persian Gulf (Purser, 1973) 
are usually invoked for these deposits, whidi oken consist of 
CaMg carixmate-gypsum laminites. Typical examples and cri> 
teria for recognizing them have been described from the Mio> 
cene Sicily (Hardie and Eugster, 1971), and a depositional 
model has been suggested by Eugster and Hardie (1978). To 
produce sudi deposits, seav.^^at^* has to beconc«itrated at least 
three but not more than ten times. As pointed out by Kinsma«i 
(1976), die avmge humidity must vary from 98 to 76 percent. 
Tran^ressive*regressive cycles are common a* . stage, in 
response to the interiday betwem dimatfo and tectonic forces. 
Excelle t examples have been described irom the Pennian of 
nord m Italy (BoseUini and Hardfo. 1973) end the Pmnian of 
Texas and New Mexico (Anderson et a/., 1972). Subsiifence is 
essential for continued deposition in shallow basins like those 
envisaged for group 1 evaporites, but eadi step down may lead 
to tran^ression across the bar that fxotects the basin from the 
open sea. Similarly, subsidmee must be dow enou^ so that 
sedimentation is able to keep ^ce and the ba in nev^r becomes 
deep. 

In contrast, there is increasing evidmice that the thick halite* 
dominated accumulation (group 2 ) so characteristic of the 
saline giants (Hsu, 1972) probaldy formed in deep basins (see 
Gill, 1977; Hardie et al.y 1978; Briggs et aL, 1980; Harvie ef 
a/., 1980). Brine bodies several hundreds of metars deep may 
accumulate as a consequence of increased st bsidence coujded 
with more intense ev^aporation. Sudi a body, though of differ- 
ent composition, exists now in the Dead Sea. An appropriate 
hydrologic model to account for the sequence of progressvdy 
evaporated mineral assembla^ has been proposed by Harvie 
et al. (1980). Evaporation for halite sequences to form must be 
from 10- to 20-fold seawater concentration. This may or may 
not dgnal increaang aridity, depending on whether or not a 
hydrolc'^c system for preconcentration is available. 

Most marine evaporites stop at the halite stage, and the final 
concentration products (group 3 evaporites) are either not 
formed or not preserved. These products are the K-Mg salts, so 
important for economic reasons and also as climatic indica- 
tors. Minerals such as polyhalite [K 2 MgCa 2 (S 04)4 - 2 H 20 ], 
epsomite (MgS 04 * 7 H 20 ), carnallite (KMgC^ 3 - 6 H 20 ), and 
kieserite (MgS 04 *H 20 ) require such extreme desiccation that 
it is difficult to envisage an appropriate near-marine climatic 
setting. This has been pointed out by Kinsman (1976), who at- 
^'^mpted to correlate mean annual humidity with stage and in- 
tensity of evaporation. The activity of H 2 O, uH 20 , of a brine 
is a direct measure of the humidity of the air in equilibrium 
with such a brine, as 

PnaO^rine 

aH 20 = and RH = lC 0 ah 2 O, 

Ph 2 () water 
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where Ph^O ^ Oie w^ata^-vapor pressure and RH is the rdative 
humidity in percent. Calculated oH^O values for seawat^ 

neentrates and minerals with which they are in eepulibrium 
are dmwn in Figure 10.3 (see Eug^ et 1980). Potash 
deposits do not form until oH 20 falls bdow' 0.7, the Mg sul- 
fates epsomite and kiesoite require values below 0 . 6 , and car- 
nalliteO.45, that is, an average humidity of less than 45 poroent 
is required for carnallite to accumulate, a condition diffoxilt to 
imagine in a marine setting. 

i*or the deposition of group 3 evaporites we favor a deposi- 
tional model, termed die {9aya modd. To readi dus stage, the 
deep brine basin filled up with evaporites; that is, subsidence 
did not keep pace with sedim^hition. In the resulting flat, 
broad basin, now under the infliMTce of extreme aridity, frac- 
tional dissolution and recydlng of the most soluUe salts will 
occur, as observed in continental playas (Eugsta* and Jones, 
1979). In consequence, the most soluble minerals will accumu- 
late in the hydrogra|9iic r^ter as a bedded deposit. These 
minerals are quite hygro8CO[HC, and they can be presaved only 



FIGURE 10.3 Activity of H 2 O, 11 H 2 O, of ^awater concentrates. 
Evaporation begins with 55.5 moles of seau ater (SW) and proceeds to 
the right. First appearances of precipitates are noted. G, gypsum; A, 
anhydrite; H, halite; Gl, glauberite; Po. polyhalite; Ep, epsomite; 
Car. carnallite. From Eugster et al, (1980). 
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by extreme conditions of aridit>'. The appropriate situation 
ran perhaps be created by combining the hydrolo^c setting of 
the Pei-sian Gulf with the climate of the coast of Chile. 

There is one final group of evaporites, often considered to be 
d marine parentage, that require still further e\'aporation. 
These are the deposits that contain tachyhydrite (CaMgCi 4 ^ 
6 H 2 O) (.v^, for example, Wardlaw. ’J72: Szatmari et 
1979). Howe\*er, as pointed out by Ilardie (1979), such depos- 
its may in fact not be directly related to seawater. Nev'erthe- 
less, where the\* did form and were presm ed, climatic condi- 
tions must ha\*e been unimaginably se\ere. 


CONCLUSIONS 

Lake deposits are sensitive indicators of paleodiiuatic dianges. 
Particularly useful are glacial and saline lakes. The latter are 
not related to latitude and form when ev^aporation exceeds in- 
flow, recording a complex balance betw'een dimate, hv’drol- 
og>\ and tectonics. Changes in dqxidtional conditions are in- 
dicated by lithologies, sedim^tar>* structures, and mineralogv' 
ami often result in transgressi\-e-regressive cydes. Local differ- 
ences may override general climatic conditions. This is illus- 
trated by a reinterpretation of the Eocei» Green River di- 
mate— a dimate exemplified by southeastern California is 
prefmcd to that of the Gulf Cos^ states. 

Climatic interpretation of marine ev'aporites depends on the 
sp^ial hydrologic requirements. Three stages are distin- 
quished, with each stage cbminated in turn by Ca sulfates, 
halite, and K-Mg salts. The bulk of marine ev aporites belong 
to stage 1 . A sabkha setting is a good depositional model. Sea- 
water can be concentrated up to tenfold before halite predpi- 
tates. Thick halite deposits may accumulate in a de^ stratified 
basin sudi as that suggested by Harvie et al. (1980). For the 
final stage, we prefer the playa mockl, which requires relative 
humidities of less than 60-45 percent. Final products are hy- 
groscopic, and it is not easv* to reconcile heir requirements for 
extreme ariditx* with a marine setting. 

This brief summarv’ should make it clear how difficult it is to 
derive unequivocal information about paleoclimates from sed- 
imentarv' deposits, because of the ddicate interplay between 
climatic, tectonic, and hydrologic forces. In order to arrive at 
\ alid climatic conclusions, all the evidence must be reviewed, 
including paleontologic and sedimentologic aspects. We must 
calibrate and sharpen our tools on the sediments of currently 
active lakes and ev'aporitic environments. 
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INTRODUCTION 

The essence of this paper is a consideration erf how ancient soils 
may reflect long-term changes in climate and in the composi- 
tion of the atmosphere. Detailed fidd studies and lalx>ra- 
tory analyses of ancient nonmarine deposits commonly reveal 
rmnnants of fossil soils. These paleosols, together with trans- 
ported day- and Iron-rich sediments derived directly from 
them, provide clues for reconstructing andent dimates, be- 
cause they were formed under a limited range of twnperature 
and humidity. 

Basic inquiries that direct such an investigation focus on (1) 
the relation of climate to a global temperature gradient and (2) 
patterns of predpitation controlled by the distribution of land- 
masses and their mountain bdts, as wdl as by (3) the global dis- 
tribution of drifting continents and (4) the modifying effect of 
the stand of global sea levd and Hooding of the continents. 
Paleusols amplify other geologic information about trends in 
dimate change through Earth history and about those condi- 
tions that produced widespread coal swamps and continental 
gladation. The data also reflect the role of major regressions of 
the seas and impose critical constraints on speculation about 
Precambrian climate and atmosphere. 


METHOD 

Procedure 

The disd|rfine of paleopeddog>- (Yaalon, 1971) Is founded on 
the wdl-documented proportion that wide^read soils in die 
geologic past, as in tlw present (White, 1979), rdlect atm<»- 
{rfieric temperature ami humidity, the former varying mostly 
with latitude, the latter asymmetrically east to west. These, in 
turn, are conditioned and augmented by effd;ts of local rdief 
and biota, of stability of the landmass (tin^ factor), and of the 
distribution of land and sea. 

AnalyTs of an andent weathered profile necessary to estab- 
lish its particular pedologic character (Table 11.1) requires 
data concerning the petrography of the parent rock, min- 
eralogic and chemical c 'mposition of the profile, and posable 
diagenetic alteration. Such a study deals with those down- 
ward-mobilizing processes that oxidize plant debris, lower 
soil-water pH, dissolve minerals and remove soluble cations, 
produce new clay minerals (Singer, 1980), and concentrate in- 
soluble ferric and aluminum oxides in the upper horizon of the 
soil profile. Current procedures and modes of interpretation 
involved in paleosol analyses are well illustrated in studies by 
McPherson (1979) and Retallack (1976, 1977). 
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TABLE 11. i CHt^a DIagnosHc of P^dc^etik Profiles 


• Relative thin ( 0 . 5-3 m). but ecten^ve, tabular 

• Transitionai lower boundary, diarp upper boundary 

• RootecL burrowed to bioturbated 

• Wavy to disturbed bedding, or obliterated 

• Vein netwcu'k 

^ ^ttemed shrinkage-swelling features (^gai) 

• Clay coating (cutans) on grains and bagmaits 

• Cobr mottling (g|*^ying)— gray-bli^, viokt, red-brown cok»s In- 
dependent of strad^timi 

• Calcareous nodules to calcrete — trandocatlon of calcium carbonate 

• Fe203 ousts— ferr ic ret e 

a SK>2 crusts— silcrete; ccHtoded quarta grains 

• Conc«itratk)n of AI2O3 and Fe£03 in upper horizon and mobiliza- 
tion of Fe oxides 

• Clay minerals modlBed toward low-siliai kaolin 

• Def^etkm of cations, except in calcrete concentratkin 


Paleosols comprise those profiles of weathering developed 
on rodcs or sedimaits diat were exposed 1<h^ to be 

modified by sdl-fbrmlng {n'oeesses. For dlepres»it review, po- 
tentially meaningful ones are limited laigdy to lateritic prod- 
ucts of hot and humid weath^i^ (Thomas, 1^4) composed 
essKititdly of ferric and aluminoiK oxides (sequioxides) and 
hi^alumlnum kiKdimteday and to caloretesfnroduced ^ less 
intense diy-dimate weadiering and composed ferric oxides, 

clay minerals, and caldum carbonate. Today latmrite and cal- 
crete pre^minate on rdativdy staUe landmasses widiin die 
intertropical climate zone (Figure 11.1; Van Houtai, 1961, 
1973). Here the temperature is less important than differa^xs 
in amount and seasonal distribution of rainfall in determining 
the kind of soil produced. 

Laterite 

Lateritic soils or latosols (Millot, 1970; Paton and Williams, 
1972), both aluminous bauxite and ferruginoiis laterite, form 
under conditions of prolonged stal^ity and interne weather- 
ing, accompanied by essentially no erodon or aggradation. 
They are favored by relatively uniform maritime coiKlittons on 
windward sides of continents within the humid intertropical, 
or tropical forest, zone. Sequioxides am! kaolinidc products of 
laterization can be tran^rted to local depressions, as in a 
karst terrane, or to depositiona! basins where distinctive alu- 
minum-rich daystones and oolitic ironstone may accumulate 
(Millot, 1970). 

Calcrete 

Carbonate-enriched calcrete (caliche) and calcareous red- 
earth soib reflect warm, seasonally dry dimate and commonly 
devdop on drier leeward sides of continents. In as much as cal- 
crete requires less-intense weathering than laterite, it <»n form 
in periods of thousands of years. Estimates suggest that calcrete 
profiles devdop at rates of 10-50 mni/10^ yr with a maximum 
of about 1000 mm/10^ yr. In tlie geologic record calcretes are 
commonly assodated with reddish-brown detrital deporits 
containing more silica-rich clay minerals sudi as illite, mont- 


morillonlte, and chlorite. Used prudently these redbeds (Mil- 
lot, 1970) can {gxivide suggestive evidence erf warm, (fay dtmate. 


LIMITATIONS 

Andent soils as dues to anctoit dimate have limitations. Even 
though laterites and calcretes commonly devdoped on uplands 
and wdl-drained nonmarine deposits in the past, terranes <rf 
th' sort constitute only a minor part <rf the gedogic recsord. 
Moreov^*, to provide usdul Information, andent soils, wh^- 
ev& they formed, must have heai buried rdativdy radcDy to 
prevrat mbseqiuent c^iemical m<xlifk»tk>n or loss by etodon. 
Conv^sdy, soils could devdop on nonmarine deposits oidy 
whm aocttmulalion was intemij^ed or was daw enmi^ to 
pomlt devdopment of a distinctive pn^le. Yet, commonly in 
sudi a situation pedkrfogical processes were arrested before 
comi^edon, or t!^ upper diagnostic part erf the pit^ was 
eitxM. In acyition, many andent soils cannot be (kted aocu- 
m^y as to time of origin, and alter burial some were altered 
by diagenetic eflwts that obscure primar>^ climatic indicators. 
Tile use of Reooit latmte and calcr^ as a modd is linuted, 
{MUtkailarly because modmi soils have devdoped dining a 
tinw erf coimderalrfe tectonic activitvs a low stand <rf sea levd, 
and assmirfed continental \Aocks (IRgure 11.1). Tliese hetan 
reduce die ^obal extent of maritime conditioRS and cratonic 
stability that favored the formation of iatmte in die past. 


GEOLOGIC RECORD 
Phanerozoic Time 

The available data plotted on currendy reasonable paleocond- 
nental drift reconstructions (Smith and Bricfen, 1977; Scotese 
et a/., 1979) and transferred to a time-latitude chart (Figure 
11.1) provide a basis for evaluating paleodimatic information 
supplied by andent lat^te and calcrete. The record of their 
t^poral and geographic distribution reflects only large-scale 
motion and change in the atmo^rfiere, hydroqrfiere, and litho- 
sphere. During the Phanerozoic interplay <rf global dimate 
zones, latitudinal portion of wandering continents, and the 
longitudinal extent of orogenic belts, and of assembled cra- 
tonic blocks, the role of global dimate change probairfy was 
minimal. 

As today, laterites in the past lay mosdy within the Inter- 
tropical zones in east-coast l(x»tions (Valeton, 1972; RardcMsy, 
1973). They were widespread during siderollduc pericxls (Mil- 
lot, 1970) when extensive, rdativdy stal^e areas of the conti- 
nents were subjected to prolonged weathering in hot and 
humid dimate, produdng ferric oxides, kaolinitic day, beds of 
lignite and coal, and quartz-rich sand. Commonly, develop- 
ment of laterite was accompanied by the nearby accumulation 
of transported bauxite or kaolinite and oolitic ironstones. 

A general northward drift of most of die major laiidm j«es 
during Phanerozoic time (Figure 11.1) prcxluced a northward 
shift of the broad belt of laterite on Laurasian continents and 
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FIGURE 11.1 Time-latitude chart of di^bution of Phanerozoic laterite (bars) and calcrete (dots) on cratonic blocks of Laurasia (left ^agonal 
pattern) and Gondwana (right diagonal pattern). Eustatic sea-le\el curve after Vail et al. (1977). Lower part of chart diagrams trends of assemUage 
and dispersal of blocks of Laurasia and Gondwana and of opening and closing of ocean basins. Based on paleocontinental reconstnK:tions by Scotese 
et al, (1979) and Smith and Briden (1977). G, continental jactation; N, northern; C, c^itral; and S, south Atlantic. 


led to low-latitude development on northern blocks of Cond- 
wana in Mesozoic and Cenozoic time. This trend was modified 
by' a late Mesozxilc-Cenozoic southward expansion of the 
laterite belt when Australia broke away from Antarctica. In 
middle and late Paleozoic time favorable lateritir conditions 
were widespread on dispersed Laurasian blocks in middle and 
high latitudes but occurred on assembled Laurasian blocks 
only in low latitudes. Similarly, in Mesozoic and early 
Cenozoic time laterites developed in high northern latitudes 
toward leeward coasts (Figure 11.2) wh^ the open Atlantic, 
Tethys, and Caribbean permitted latitudinal oceanic circula- 
tion among continental fragments. 


The limited resolution of the laterite data is illustrated by 
the fact that a reconstructed 10® northward drift of Africa and 
Australia between Eocene and Miocene time is not reflected in 
the known distribution pattern of laterite. Early Permian to 
Cenozoic laterite in southern latitudes hi^ier than 30® S are 
knowti only in southeastern Australia (Figures 11.1-11.3). The 
Permian and Triassic paleosols have been interpreted to be 
products of humid tropical to subtropical intervals within and 
following the extensive Gondwana glaciation (Lou^iian et 
al.^ 1974; Loughnan, 1975). Development of oolitic ironstone 
in Australia in late ^ermian and early Jurassic time also sug- 
gests periods of warm, moist climate. Nevertheless, Retallack 
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FIGURE 11.2 Cr«teoeotfi( dUstributlon of 
liiteHte (shaded) on landmasses and estimated 
major oceanic surface currents. Adapted 
from Smith and Briden (1977). 


FIGURE 11.3 Late Permian and Eariy 
Triassic distribution of latmte (L) and cal- 
Crete (C) on iandmasses and estimated major 
oceanic surface currente. M untains dimied. 
Adapted from Sootese et al. ^29i 9) and Smith 
and Briden (1977). 


(1977) claims that the early Triassic profiles are podzols and 
that "the climate in southeastern Australia seems to have re- 
mained cool temperate from the later Permian to the later 
Triassic.” Late Paleozoic and early Mesozoic laterite in high 
northern latitudes accumulated in Rusaa and northern Asia- 
Siberia when they were the priranpal Iandmasses in the far 
north (Figures 11.1 and 1 1 .3) . According to Strakhov (1909, p. 
214, Figure 94), these paleosols developed in moist, tropical co 
subtropical climate. 

Almost all of the ancient calcretes recorded formed on inter- 
mittently aggraded redheds in unstable (mobile) belts, com- 
monly within the intertropical zone and on the leeward side of 
a landmass. All but one lay between latitudes 45^^ N and 45^ S, 
and most of these are preserved on Laurasian continental 
blocks. During late Permian and Triassic time, longitudinal 
assemblage of Laurasia and Condwana prevented latitudinal 
oceanic circulation and led to a preponderance of calcrete over 
laterite in the intertropical zone of North America and Europe 
(Figures 11.1 and 11.3). This reconstructed low-latitude bdt 
of drymss was rapidly succeeded by relativdy humid Early 
Jurassic climate and the wid^ ''id development of laterite 
and oolitic ironstone in Eurasia and northeastern Condwana. 


Precamhrian 

A Proterozoic record of laterite and oolitic ironstone, calcrete, 
and nonmarine redbeds (Chandler, 1980) and aluminous 
sandstone (Young, 1973) on the Canadian Shield is augmented 
by redbeds as old as 2000 million years (Ma) in southom Africa 
(Button and Tyler. 1979) and 2380 Ma in India (Windiey, 
1977). These data imply an oxygen-deficient atmo^here since 
about 2300 Ma, and a warm, humid to s^niarid dimate when 
the ferric oxide-bearing sediments accumulated. Detailed 
analysis of this record is complicated by the fact that Canada 
apparently drifted widely into high aikI low latitudes during 
Prot^ozoic time (Irv ing, 1979). Nevertheless, both the exten- 
sive iron formations and various redbeds that accumulated be- 
tween 2300 and 1800 Ma lay in rdatively low paleolatitudes 
(Donaldson eta/., 1973). 

Accumulation of Proterozoic products of oxidative weadier- 
ing overlapped the widespread blooming of cherty and 
banded-iron formations by as much as 500 m.y. (Figure 11.4). 
A spedfic assodation of the two, about 2000 Ma, comprises a 
redbed with weathered andesite pebbles that lies below the 
Labrador cherty iron formation (Dimroth, 1976). Clearly, 
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FIGURE 11.4 Cedo^c range of paleosob, calcrete, and redbeds 
compared with tliat of Proterozoic banded {cherty) iron formations 
(BIF). Black bar, range of effectual record; Ba, billion years ago; Ma, 
million years «igo. 

rrferences to an oxy'gen'detid^t atmosphere after 2000-2300 
Ma (Button and Tyler, 1979; Chapter 5) are speculations that 
ignore the facts of the geologic record. In contrast, a marked 
abundance of CO 2 in the atmosphere and hydrosphere during 
this interval (Strakhov, 1969) may have been an important fac- 
tor in the genesis of the unique Proterozoic iron formations. 

Evidence of chemical weathering older than 2300 Ma in 
Canada (2200 Ma in southern Africa; Button, 1979; Button 
and Tyler, 1979) includes n;etamorphosed aluminum-rich 
weathering crusts as old as 3500 Ma (Serdyuchenko, 1968). 
Commonly, iron has been leached from the«* profiles, indicat- 
ing at least local reducing conditioas. The evidence does sug- 
gest an atmosphere with a limited supply of oxygen (Pienaar, 
1963). Nevertheless, one of the gray paleosols is virtually iden- 
tical to some modern soils formed in temperate, humid climate 
(Cay and Crandstaff, 1979). Others may be products of oxida- 
tive weathering that were altered diagenetically by reducing 
paleogroundwater. In lieu of substantial evidence, gray pro- 
files alone afford no compelling indication that the early Pro- 
terozoic atmosphere was significantly different from that of 
later time. 


CONCLUSIONS 

Pedologic effects of ancient dimate are more boldly stamped 
on nonmarine sedimentary rocks than generally acknowl- 
edged. Recent detailed studies, such as those by Allen (1974), 


McPherson (1979), and Retailack (1976, 1977), reveal Ae 
amount of usdul informadon that can be leaned. With care- 
ful work the amount of available data diould be incr^tsed dg- 
nlBcantly. 

There is for a wider understanding of the criteria for 
identifying ancient soils (TaUe 11. 1), and for bett^-trained 
students who am use the tedinlques of modem soil xkmoe in 
detailed analyses of nonmarine depodts. ProUons involved in 
this practice include iefontifying a soil type from a partially 
erod^ prcMe or recc^zing f^ruginous and kadinitic pro- 
files produced by processes otho* Aan laterization and dls- 
tin^iishing between the eftect of intense warm-dimate with- 
ering and oi prolonged weathering uik^ more moderate con- 
ditions ami regional stability. 

Generally, the availade record of paleosds is more directly 
rdated to q>isodes of widespread nonmarine sedimtmtation 
than it is to a ^obal control of climate. This situation, in turn, 
was dosdy controlled by tectonic development of af^uropriate 
badns. In addition, cfovelopment and distribution of laterite 
and calcrete reviewed here imj^y that the paledatitudinal 
poddon ami Interrdatlon of landmasses, and the latitudinal 
and longitudinal oceanic circulation through open gateways 
(Chapter 12) during Phanerozolc history' of drifting conti- 
nents, were the principal forcing factors in long-range climate 
change. These conditions were augmented by etiects of tiie 
stand of global sea levd and octant of flooding of the conti- 
nents, as wdl as by the devdopment of continental glaciation 
or of ice-free polar regions. In contrast, ancient soils contribute 
little to an understanding of diort-term climate-controlled 
processes or pieriodicities like those exhibited in the Pleistocene 
record. 

Throughout Phanerozolc time the intertropical belt appar- 
ently persisted in essentially steady state but shifted somewhat 
northward, except during Permo-Triasdc time when a men* 
dional assemblage of major landmasses (Pangaoi) was a bar- 
rier to latitudinal oceanic circulation. During episocks of 
wide^read regression, as in Early Cretaceous time, non- 
marine sequences of stable landmasses commonly preserved a 
record of hot and humid climate in successive femiginized pro- 
files, as well as in deposits of transported laterites and of kao- 
linite associated w'ith oolitic ironstones. 

Laterite and oolitic ironstones in the early Paleozoic and 
Proterozoic record demonstrate that development of these 
products of intense weathering were not uniquely dependent 
on the presence of vascular plants. In fact, an absence of abun- 
dant i^ant debris may have fostered the devdopment of oxi- 
dized soils in an atmosphere with a somewhat diminished oxy- 
gen content. 

Data and interpretations presented here suggest that both 
the Earth 5 atmosphere and its global climate have varied but 
little during the last 2000 million years. As in Phanerozolc 
time, Proterozoic paleosols and redbeds reflect conditions fa- 
voring preservation of nonmarine deposits rather than varia- 
tion in oxygen content of the atmosphere. Correlative baiidcd- 
iron formations may reflect some oqsect of a progressive change 
in the atmosphere. Speculation about this condition is con- 
strained, however, by evidence of an oxidizing atmosphere 
since about 2300 Ma. In fact, accumulation of banded iron for- 
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matlons may not have been directly rdated to tl^ oxygm con- 
tent of the atmo^d^re and ckmib. A dgniflcant role of a 
redudng atmo^sh^ has not be^ d^nomstrated (Dimrodi 
and Kimberly, 1976). At presmt, hypodieses |m>podng an 
oxyg^-defident atmosphm in early Proterozoic «ttenot 
rigorously convindng. 
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INTRODUCTION 

With its low albeck) and large capacity to store heat, the ocean 
represrats one of the most important components of the global 
dimatic system. With a specific heat per unit mass of 4 times 
that of air, water (i.e., the ocean) has a thermal capacity over 
1000 times that of the atmosphere. The energy imbalance 
fiom incoming solar radiation between the summer and win* 
ter hemispheres and between high and low latitudes results in 
motions (i.e., transport) in the atmosphere and oceans. The 
result is a net tran:port of energy from summer to winter 
hemispheres and from low to hi^ latitudes. There is little 
variation at low latitudes in temperature and energy trans- 
port. The ocean, with its high thermal capacity, acts as a buf- 
fer for such energy changes. 

The ocean, at the same time, plays an important role in the 
meridional transport of energy. The question may then be 
asked: Has it always been so? The answer is unequivocally no. 
Present condnent-ooean geometry is the result of a long [200 
million year (m.y.)] history of changing spadal configura- 


tions. The role of gateways (and barriers) is fundamental for 
recreating the scenario of past circulation histories (and thdr 
concomitant effect on paleoclimate). We are only at an early 
stage in understanding this history, but we can oudine the fol- 
lowing tentative scenario. 

The underlying assumption is the ^neral view that the 
global dimatic cooling characteristic of the Cenozoic is due to 
natural, earthbound causes, namely the poleward shift of con- 
tinental masses and the gradual devdopment of a meridional 
(Onozoic) rather than latitudinal (Mesozoic) oceanic drcula- 
tion pattern. Late Neogene (last 15 m.y.) dimatic oscillations 
are. In turn, no doubt the result of the superposition on this 
global cooling trend of short-te/m periodic fluctuations in or- 
bital parameters (i.e., the astronomical theor>' of gladation, 
whidi is less a theory than a mechanism). 

The discussion bdow is presented in two parts. The first 
deals with a brief summary of the role of the oceans (and thdr 
geometry) in heat transfer and thus, ultimately, as a source of 
climatic change. The second summarizes the main paleogeo- 
graphic events that have had an influence on oceanic drcula- 
tion and thdr effect, where discernible, on climatic evolution. 
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OCEANS, CLIMATES, AND GATEWAYS 

Hie omns occupy imriy diree quarters <rf^^eoe<^' the 
Earth and recsdve am SO pmort die totd solarnidhatkm ab- 
scHbed at thesur^se. WM a ^led^ heat (0.93 cal g “ ^ ^C ’ 
cc»idd»aHyI»g»dianttMtofhind (0.6CMU9calg‘‘ ^ "C “ ^), 
aMwatin* yi^ up lb ^ored hmit miKdi more rductantly than 
ck> land lurw. With an omtum (i.e. , miidni) rate of SOO* 1500 
yr, tlw ocMm may be viewed as vast Imt retttvcdrs that act as 
a oomervative element In maintaining dimatk etebility. 

The Sun is the ultimate source ctf ocean currents. Unevmi 
absorption ci shortwave rmttatkHi ovt^ anall areas on the 
ocean surface results in dendcy A ff« e no es diat, in turn, set In 
motion, slow, lalml water-mass movmMnts. Heat energy is 
transported and diMbuled acoordingdy- Dec^ waters are 
warmed by the dower {uooessescrf convective niixing. In polar 
regions su^ mixing is ultimately compete, whmas elsewhere 
the diermodine denctes the levd to whldi mixing is elective. 
In qiite <d die lai^ anKumt mfiatkm diet readies the sur- 
face of the ocean, v^tk»l heat transfo* is limited to die sur- 
fidal laym becai^ neariy 90 pment d die heat energy is 
used in evapmatkm. 

Hie ocean accxHiids for nearly a diird d die pc^ward trans- 
ier d Imat enmgy [the rmnalnii^ two thirds is accminted for 
by adnospherk tran^x^ in the fdm dsei^i^ (50 percent) 
a^ latent (15 pmcent) heat]. Ibis is accmnfd^ed primarily 
in die form d i^nd-drivmi surf^ currents. In a typical ocean 
laidn, surface circulation assumes the form d an ^nticydonic 
gyre centered on a semipmuanait (seasonally ddfdng) area of 
stable high pressure within the basin. Equatorward die gyre is 
constrained by die seasonally migrating intertropical con- 
vergence zone, pdeward by die hi^-ladtude easterlies and 
longitudinally by landinasses. Gyres commonly consist d four 
componmits: a westely equatorial curmit, a polar easteriy 
current, a pdeward aso^iding wesim boundary currmit, and 
an equatorial deso^xiing eastern boundary currmit. The In- 
tensity and volume d a given current gyre is dependent on 
wind stress and such geostroidiic factors as the Coriolis force, 
the piling up d waten on die western ma^ns docean basins, 
and the cor^trictions or ddlections by contin^tal ;^metry. 

Heat energy Is absorbed by surface waters as a function d 
latitude. The equatorial zone is die basic source d most d the 
heat oiergy in oceanic gyres, althoi^ additional radiation Is 
added over the mitire extent of a meridional current. In sub- 
equatorial belts, westward-moving gyre currents absorb beat 
at the rate of about 0.1°C for ei^ degree of longitude. 
Because of this lengthy exposure to high Insolation, the maxi- 
mum surface tenperatures are found In the western equato- 
rial extremities of ocean basins. Eastwardly moving currents 
on the polar rides of gyres lose heat at about the same rate. 
Meridional currents moving poleward or equatorward cool 
and warm, reqiecdvdy, at an average d 0.3"C for eadi 
degree of latitude. 

At pres^, the most important oceanic c>jiTents from a cli- 
matic point of view are die poleward moving extremities of 
the western boundary currents (sudi as. North AUantic Cur- 
rmt, Kuroriiio, and Brazil Current). These currents transport 


warm mrfaoe waters into ^ons d low tenpmtures and 
thus oihanoe hi^-Iatltude atnx^idieric heating and evapora- 
dtm. 

By way d contrast, die presme d die Antarctic Circum- 
polar Current in the soudim hemis|d^re prevents pe^m- 
don d westely boundary b^cmd 40*" S and serves to 

isdate the Antarctic contin^ tom major sources d 
{xec^ritatkm. 

H^ brid summary js an idea of die rde diat the oceam 
{day in tot^xxtifig heat energy aix! thek rde as a stal^dng 
torn in maintaining tl^ dimatk stmim quo. 

At the same time. It will bea^iu)aitduitdieooeuisc(mtain 
the potential for placing a rign^omt role in dimatk diange 
given the right set d conditkms. The tot that die geolo^ 
record {xovkks amjde evidmce d rignlBcadly d^er&at cU- 
mates in the {last (whoi ctmipared with that d today) ni^ests 
significant changes In the ocean currents and atmc^di^ dr- 
cuiation jiattems d die {»ri. 

Gateways (and barrtos) r^ rcynt die means to tran^x^- 
ing (or doddn^ heat enogy frcnn one area of the ^die to 
ano^. Id^^rto these gateways (barrkrs) and their geom- 
etry and retoli^ the timed d»dr Inoqiton Is d lundamemal 
imixirtanoe to ddineating the scenario d the {last dimatk his- 
tory d the Eardi. 

The major Mesozok and Onozoic paleogeographic events 
(o{}^ng or doring d marine gateways) and die aasodated d- 
fed on {laieodrculation and {laleodimate are mmmaiized in 
Figuier 12.1-12.4. 


TRIASSIC 

Global {>aleogra{diy during die Triassk suggests that the ma- 
jor oontinaital landmasses were essentially toed tc^ether into 
a rin^e superoondnmit, Pangaea, whidi was d Iripdar ex- 
tent. Our knowledge d detailed ooean-continmit {laleogeog- 
raphy during this time, howeva*, is such as to {mdixie inte- 
pretations d die posriUe role of ocean gateways on dimate. 
The Tethys Sea exteided westward as a triangular re-entrant 
d Panthalassa— die ^obal ocean— between Ahica-Aratria to 
the south and southeast Asia to die nordi . A westward flowing 
equatorial current may be ddtotod into nartbem and southern 
high latitudes on mxiuntering the eastern margins d Pan- 
gaea. Rdative coding would have occurred at higher lati- 
tudes so that these currents would have descended equator- 
ward as cool eastern boundary currents along the western 
margins of North and South America. 

The great abundance and exteisive latitudinal distribution 
d eva{xirites in the mid-Triassk and die mid-late Triassk 
devdopment d coral reefs (including the earliest hermatypic 
hexacorals, at present restricted to shallow warm waters dr- 
cumscribed by die 30° {laraild in the northern and ^oudiern 
hemisphere) along the northern margin d the Tethys Seaway 
(^ 30° N) attest to warm (i.e., tropical) dimates extending to 
60° latitude in both hmnisphaes. The effects of increased oon- 
tinentality (fusion d Panama in the Permian) was no dmibt an 
im{x>rtant factor in die dimate of the Triasric. 
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FIGURE 12.1 Mesc»oic relatlof^ips cf 
fMleogeograpliic, {>«leol^)geogi«|^tic, and 
paieodrctilatloii-paleodlniatlc events. 
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FIGURE 12.2 Paleo^ne relationdilps 
(ji palcogec^aphic and paleocirculation- 
paleodimatic events. 
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JURASSIC 

Jura.«dc paleogeography did not diffd' sIgniRcantly from the 
Triage with one major exoq)tlon (see below). The latitudinal 
extenidon of the continents from pole to pole essentially 
blocked circum^oh4il oo^mic circulation at high southern lat- 
itudes. The Tediys was a large triangular re-ei^ant of Pen- 
thalassa—the global ocean— into the eastern continents from 
the east. Evidence of distinct temperature-linked gradients is 
amUguous during the Jurassic [although floral evidence nig- 
gests that a “tropical” bdt with cycadlike plants and ferns can 
be distinguished from “temperate” bdts with conifers .md 


ginkgc» (Barnard, 1973)]. The eoentlally latitudinal circula- 
tion pattern (deflected into hi^ier latitudes around the polar 
extremities of Pangaea) would appear to have contiibu^ to 
the equitable climate of the Jurastic. 

A »gnificant circulation event occurred during the late 
Jurastic— the opening or extension of a seaway tiirough Cen- 
tral Amoica, linking (he “Atlantic*' and “Pac^** Oceans fen- 
the first time In the equatorial region. Coupled witii the 
gradual opening erf the North Atlantic by seafloor ^rewRng, 
this allowed the devdc^)nwmt of a drcumgMMd equatorial 
current system, which has continued, essentially unabated, 
until rdatlvdy rec^t time [about 3 million years ago (Ma)j. 


ISl 


Role 9f Ocean Catewt^ in CHmaUeCImi^ 

UTI rALIOCINI lAIlT NIOCIRI 

LLI waootoawrtiic 


«tE0Bl0G£0(SMfMC pLEOCWCUtWlOL 


BALEO^' imATE 


! 




»(K€0 


<8 (StyfRANCe OF 1 

uJl^ =nHYS SFAWAT fNTO T*0 1 

WHIC DlSTRimiTtON UmO 
MC^tC VS ATLWlTlC- 
.MEftTEMMiaiMlI J 


^UC6Ll6iBU ttlfUJEliCI ONClfMATE* 
^SEJeONAtfTY , J* 

o j " " 

-Cf 

-cr 

rnsuesiDFFicc ^ of 

W RIDC^ 1 

25- . 2mK*m of orafe I 

^ «^A^ J 

UI^RSAI mi Esnil^ ^ 
mm OF oRCuii-aii^wcTX 
^GEN^ surc^ FAti^ 

2 ESTMLiSMMEirr OF CAC \H ^ 

«IT«CTiCA ^ 

3 SU LEVEL CE W MtlifICTiCA ^ 

“n 

i ^Slt^NCE SeWRATtON 

2: TiSWAN RISC AFffi OfilOUt 

UJ RASTAOe 

o 

g 1 MAJOR EUSTATIC SEA-iEvtL 
- 1 fall icp 50 Mo) 


- continued of ANTARCTIC 

-mMmU CONTINENTAUTT (AND 
greater tfWDiTT IN EUROPE) 


LATI NIOGENS 


n ! 

[ft Ha : 


P&LEOGEOGfiAPHiC 


4- 


WlE08K^00«APHtC 




lATinX^L Ol^ACEIEMT 
Of fAUNAl- FLORAL 
PROVfKCCS 


«M.EOLiHCULATION_ 


fAlEOCLflIIATE 


Elevation iST«¥us 

Of fmmA (EUMiNATiOlti 
Qf/.,TRAiTSj3f tttNtAMA) 


!f«TEWuPT-.iN ATLANTIC- 

ptiCtfic faunal cxchmi^ 


ir 




•ICREASCD SfASOfOLiTY 

-cr 


iNtTlATlON OF NORTMCRN r£MiSP»€NCl 
OlNTtNENTAL GlACIATKM 






■SOLATtON Of *CST 
TETnrS {‘NEOiTENNANtAN') 1 
I FNOM ATLANTIC 


TETHYAN .“MECMTERRANEANl 
MAMiC FAUNA EXF£U£0| 
FNOM TETMYS 
. (“ME&TER«ANEA»r5 SEA 


MCREASEC CONTiCNTALlTY AND 
aridity in MEDfTfRRANEAN ACQiON 
La ENMNCCD GLACIATION ON ANTARCTICA i 



F1GVBE12.3 UtePtieoim^y 

Neogme 

pftieodiiMtic events. 


FIGURE 12.4 Late Net^eoe rdatloi»iil|)i 
oC paleogBopaphic, palaol^ogBc^fai^ilc, 
and pa]eudrciilatlon-|>ale)cllmatlceveiits. 


TraiK-Atlantic flow oi warm, equatorial watm from the 
Tethys into the equatorial Padflc via the Central America 
Seaway resulted in a circumglohal equatorial current that 
served as the main diq)ersal agent of trcq>teal faunal and floral 
dements throu^tout the Late Mesozoic and Cenozolc (Berg- 
gren and Hollis, 1974, ]^7). 

The effect d* this event on climate during the late Juraitk is 
less dear, although the expansion of extensive evaporite depoa- 
its into hl^ier latitudes and the concomitant decrease of coal 
ibrmation sug^at inoeadng arithty. Although there are suine 
discrepant les between data from *he rodcs (evaporites, oorab, 
bauxites, carbonates), fossils (reds, iiiterdosslls, flora, efino- 


saurs), and oxygen isotqxs, a tyndiesis ai p re se nt data sug- 
gests warm dimates^althou^ on the avoage die Jurassic 
may have been dighdy cooler dian the Triasste (Frakes, 1979), 
For instance, the latitudinal extent d Jurassic evaporites sug- 
gests that it was drier dian die Trias^ on average. On die 
other hand, the temporal dli^lHidmi d evaporites sum^ests 
diat the early Jurassic, as wdl as die Lide Triassic, was pxd>- 
ably coder and more humid than die middle Triassic 
The sigdficanoe d die expansion d carbom^ into fdgher 
latitudes in the Late Jurasdc as a dimatk incteator is equiv- 
ocal; it may he a funedem d eustatk sea-levd ch«r^ 
(Hallam, 1975), Althou^ a livk between transgresstons and 
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an incTea.se in global temperature (rcsiiltini^ in an expaasion of 
the tropical belt and cxincomitantly, earlxmate deposition) ap 
j)ears to be valid in the later Mesozoic and Cenozoic, it is not 
possible to determine this relatioaship on the sc*ale treated 
here. 


CRETACEOUS 

Data from paleobiof^eography and the distribution of rock 
types suggests that the Cretaceous was a time of high sea 
ie\els, shallow epicontinental seas, and warm, dry climates in 
u htch tropical conditions comparable with those of today ex* 
tended under optimum condition beyond 45"' N and 70° S lati- 
tude (Frakes, 1979). Bexond this, climatic zones were warm to 
cool-temperate. Mean annual temperatures have been esti- 
mated to have been between 10-15°C warmer than the pres- 
ent day, with a temperature gradient about half that of the 
present. 

Ox>*gen i.sotope data (Savin, 1977) suggest a general warm- 
ing trend during the Early Cretaceous (Valanginian-Albian), 
followed by a gradual but .significant cooling in the Late Cre- 
taceous (Campanian-Maestrichtian). Superimposed on this 
general trend is a shorter-term temperature decrease during 
the Albian or Cenomanian, followed b> a temperature rise in 
the Turonian and/or Coniacian. 

The Early Cretaceous warming may have brought bottom- 
w ater temperature > in the central and northwestern Pacific up 
to an Albian maximum of about 17°C and the Late Cretace- 
oas cooling to a minimum of about 11°C. Concomitant sur- 
face temperatures were about 28° C (Albian) and about 19°C 
(Maestrichtian) (Douglas and Savin, 1975; Frake>. 1979). 

The continents were clustered together and continued to ex- 
tend nearly from pole to pole during the Cretaceous. A single 
g>Te s>’stem continued to operate in each hemisphere to about 
50-60° latitude, w ilh w ide, deep, and sluggish ecjuatorial cur- 
rents being substantially heated by the long fetch (over 180° of 
arc) in low latitudes. Poleward transport of this heat in the 
gvres to the latitude of the descending subtropical cirruladon 
cells and the subsefjuent evaporation nutured the humid, 
somewhat cooler zones near the poles. Thus the presence of 
coals at 70° S (New- Zealand) and to within a few^ degrees of 
the pole in the northern hemisphere (Alaska) may have their 
explanation in the warm, wide, and deep western boundary- 
(K-ean currents that could have flowed unimpeded along the 
western margins of the Pacifi'' into high latitudes. 

The role of (x?ean pati ways in the development of the cli- 
matic history of the Cretaceous is difficult to a.ssess at this time 
simply because they a^c difficult to identify. One of the major 
pal«)geographic events of the Cretaceous was the separation 
of Africa and South America and the formation of a perma- 
nent marine connection between the North and South Atlantic 
Oceaas during the Turonian Ag:*, about 95 Ma (Reyment and 
Tait, 1972a, 1972b). However, the existence of barriers to 
deep water circulation in ihe Arctic and Antarctic regioas a.s 
well as the Rio Grande Rise and VValvis Ridge in the South At- 
lantic would appear to have nullified any .dgnificanl contribu- 


tion to climatic change that the ini atlon of an oceanic gate- 
way for surface circulation between the North and South 
Atlantic might have had. 


CENOZOIC 

Paleogetie 

The c*ontinued fragmentation of the world ocean led to an in- 
creasingly inefficient latitudinal thermal energy exchange. 
Paleobiogeographic and oxygen isotopic studies yield a com- 
plementary picture of a long-term global temperature decline, 
development of a thermally stratified ocean, and endtanced 
zonal climatic differentiation during the Cenozoic (Rerggren 
and Hollister, 1974, 1977; Frakes, 1979). This ciimatic decline 
followed a faunally and floraPy (Haq and Lohmann, 1976; 
Haq et o/., 1977) and oxygen isotipically (Boersma and Shackle- 
ton, 1977; Vergnaud-Grazzini et a/., 1978, 1979) recogniz- 
able “climatic optimum” in the early Eocene. 

The opening of the northeast Atlantic (betw^een Greenland 
and Norway) Ixfgan in the early Eocene at about the same 
time as the separation of Australia and Antarctica (Berggren 
and Hollister, 1974, 1977). The widespread development of 
biogenic siliceous deposits in a circumequatorial belt during 
the Middle Eocene has been linked with the presence of persis- 
tent wind-driven (trade winds), diverging ocean-surface cur- 
rents and associated upwelling, as well as temporally related 
volcanism in the northeast Atlantic associated with the early 
phase of rifting and seafloor spreading (Berggren and Hol- 
lister, 1974, 1977; Drewrv' et al., 1974). The high-latitude 
source of the intensification of oceanic surface and deep-water 
circulation has been the subject of cousidernble debate. Al- 
though vertebrate faunal evidence suggests elimination of a 
subaerial barrier in the Norwegian-Greenliind Sea at 50 Ma 
(McKenna, 1972), recent geophysical datu suggest a later, 
early Oligocene date (about 35 Ma' fur the separation of 
Creenland-Spitsbergen (Taiwan! ana Eldholm, 1977). The 
picture is complicated by the fact that the Creenland-Iceland- 
Faeroe Ridge may have prevented significant exchange of 
w"«te* from the polar regions to the North Atlantic until V 
; ‘ - Oligocene, about 23 Ma (Tucholke and Vogt, 1979). 

An al it mate source for the origin of cold, deep water for- 
mation- the “big flush’*— may lie in the high .southern lati- 
tude, probably from the Weddell region of the Antarctic 
(Schnitker, 1980). These cold bottom waters could have 
moved northward into the North Atlantic through the nascent 
fracture zones developing in the subsiding Rio Grande Rise. 

In the southern hemisphere tfie northward transit of India 
diverted the westward flowing Pncific-equatorial current into 
the counterclockwise subtropical gyre, which penetrated 
southward, past eastern Australia into the nasf>-nt gateway 
that was opening up between Australia and Antarctica. Isola- 
tion of the w arm Pacific gy res at these high southerly latitudes 
led, through adiabatic cooling and evaporation, to precipita- 
tion on the Antarctic continent, which eventually led to full 
continental glacial conditions. This was the beginning of the 
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gradual thermal isolation of the Antarctic c'ontinenl, which 
was essentially ct)mpleted by mid to late Oligocene t’.me 
(about 25 Ma) with the subsidence of the Tasman Rise and the 
oj^ening of the Drake Passage and which has con: \.vd to this 
day in the form of the circum-Antarctic current as the gate- 
way has ct)ntiiuied to widen during the Neogene. 

Oxygen isotope studies indicate a progressive ax>ling from 
the Middle Eocene to Early Oligocene time in the sub- Antarc- 
tic (Shackleton and Kennett, 1975; Kennett and Shackleton, 
1976: L. D. Keigwin. Universitv of Rhode Island, jx^rsonal 
communication). Nortl Atlai.uc (Vergnaud Crazzini et al.. 
1978. 1979), South Atlantic (Boersma and Shackleton, 1977), 
and mid-high latitude Pacific (Douglas and Savin, 1975: 
Savin et aL. 1975). Superimposed on this trend is a pro- 
nounced cooliiig event seen near the Eocene-Oligocene 
boundar\- in the Pacific and ,sub- Antarctic regions, whereas in 
the Atlantic the i^ooling appears to be more gradual and of 
les<:er magnitude (Kiegwin, 1980). The relationship of the 
opening of the Greenland-Norwegian Sea to the Arctic and the 
possible initial opening of the Drake Passage at about this time 
(abuiit 38 Ma, f . Sclater, Massachussetts Institute of Technol- 
og\ , personal communication) to the climatic “event*' at the 
Eocem; -Oligocene boundary remain!; a:.cle?.»‘ because ot the 
lack of precision in dating these various events, but they may 
be expected to have played a role in enhancing the latitudinal 
thermal gradients resulting from a greater latitudinal trans- 
port of cooler waters originating at high latitudes. 

At about the same time, about 40 Ma. the signilicant gener- 
ation of cold bottom waters in the Antarctic (and jxjssibly the 
North Atlantic) resulted in the formation of the psxchro- 
spheric fauna, which today lives at temperatures less than 
10° C. The appearance of this fauna in the Atlantic Ocean and 
Tethys Sea at about this time suggests that the Rio Grande Rise 
has been breached, allowing cold, dense waters to move along 
a north-south meridional corridor, enhancing the transition 
from a latitudinal thermospheric circulation to a meridional 
thermohaline circulation. This transition has been one of the 
major threshold events in the evolution of the present climate 
of the world. Fron his time on, thermally differentiated 
water have moved in a basically meridional pattern, 

transferring heat across latitudes and establishing a basically 
latitudinally controlled, zonal climatic gradient of significant 
proportions. 

With the opening of the Drake Passage by mid- to late-Olig- 
ocene time the circumpolar current had been esta’ !ished, 
thermally isolating the Antarctic Continent from the influ- 
ence of warmer waters to the north (Kcnnet; et aL, 1972, 
1975). This event appears to be clo.sely linked chronologically 
with the extension of glaciers on Antarctica to sea level, as 
shown by drilling in the Ro.ss Sea (Hayes and Frakes, 1975). 

iVcogr* 

During tne Late Cretaceous and Paletigene, northward move- 
ment and rotation of Africa continued to close the Tethys Sea 
in the east. In the west, right-lateral motion between Africa 
and Euro|)e narrow ed the western junction of the Tethys w ith 


the Atlantic Ixftween Spain and Morocco. The junction of 
Arabia and Asia, severing the marine gateway connection be- 
tween the Indo-Pacific and Atlantic Oci^ans. occurred during 
the Ea..y Miocene. afx)ut 18 Ma (Van Couvering and Miller, 
1971: Berggren, 1972a; Berggren and Hollister, 1974). The 
transition from a thermospheric to two-layered psychro- 
spheric structure in the Tethys Sea ap()ears to have been ef- 
fected by Late Eocene time, about 40 Ma (Benson and Syl- 
vester-Bradley, 1971). The effect on climate of the closure of 
the east-west Telhyan gatew ay and the subsequent evolution 
of the Tethys into an eastern (Indo-Pacific Ocean/ and west- 
ern (.Mediterranean Sea) part is not clear at this point. 

A major decline in isotopic temperature occurs in the Mid- 
dle Miocene, about 14 Ma (Savin, 1977; Worxlruff et al., 
1980). and it has been linked w ith the establishment of the East 
Antarctic Ice Sheet (Shackleton and Kennett, 1975; Savin, 
1977). This cooling e\ ent is difficult to link w ith the develop- 
ment or termination of a structural barrier to flow of w ater 
masses because of the disparih in the data that exist on the 
timing of varioas events in the North Atlantic. However, the 
concomitant effects of the severance of the Tethys Seaw ay and 
the subsidence of the Iceland-Faeroe Ridge (linking the Arctic 
polar .sea and the Atlantic Ocean) have been linked in a sce- 
nario that connects this thermal event with the development 
of Antarctic glaciation and the evolution of “modern** ocean 
circulation (Schnitker, 1980). The scenario is as follows: 

1 . Closure of Tethys in the east (18 Ma) created an evapora- 
tion ba.sin that contributed increasing amounts of warm, sa- 
line waters to the North Atlantic, 

2. Continued fragmentation of Teth\s elsew here (north- 
ward drift of Australia separated the equatorial Indian Ocean 
from the ecpiatorial Pacific) closed off the deep-water con- 
nection and reduced the flow of the equatorial current s\-,stem. 

3. Restriction of the Central American Seaway by the grad- 
ual emergence of the Isthmus of Panama gradually reduced 
the flow of the equatorial current between the Atlantic and 
Pacific, Deflection of the North Equatorial Current north- 
w ard increased the strength of the Gulf Stream. 

4. The breakup of Tethys and its low-latitude circum global 
How resulted in a temporary increase in surface-water tem- 
peratures in the late early Miocene. 

5. The cadual subsidence of the Iceland Faeroe Ridge al- 
lowed North Atlantic surface waters into the Norw egian dur- 
ing the early Miocene. By mid-Miocene time subsidence had 
progressed to the point where reflux of cold bottom water be- 
came significant. The Arctic Ocean was tl> n linked w ith the 
world ocean as a heat sink. 

6. Eariy Norih Atlantic deep water, resulting from Norw e- 
gian Sea overflow , traversed the length of the Atlantic and 
inserted itself as an intermediate water mass in the circum- 
Antarctic current system. 

7. Relatively arm** and saline North Atlantic deep w ater 
would rise to the surface near the Antarctic rather than the 
cold, low-.^aiinity local v ter. This warm, saline water con- 
tained heat that could lx* cx)nvc. ted to latent heat by evapora- 
tion. The resulting high e\ aporation rates supplied moisture 
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to Antarctica sufficient to push it across tlie threshold value 
needed to build up and maintain a stable continental ice cap. 

During the latt^st Miocene (about 5. 5-5.0 Ma) the west 
Tethys Sea was isolated from the Atlantic Owan. In the 
Pliocene, marine connections were establisiu'd and the Medi- 
terranean Sea gradually e\olved from a therrnohaline to its 
present theimospheric condition. The effect of the closure of 
the marine gatewax' linking the Tethys and Atlantic and the 
subsequent desiccation of the West Tethys Sea on climate is 
not clear. In general, the Increased continenta*:ty would have 
resulted in enhanced climatic seasonality, although the forma- 
tion of extensive evajxirite deposits (i.t., sabkhas) indicate hot 
arid conditions as one component of the overall climate. The 
subsequent oix?ning of the Cilbraltar gatewax- and the evolu- 
tion of a thermospheric xx atermass in the Mediterranean has 
resulted in an "inland sea” in xvhich there is an excess of sur- 
face evaporation over local inflow from rixers and precipita- 
tion. The Mediterranean would seem to have a buffering 
effect on climate, contributing (together with the circum- 
Mediterranean Aipine chain to the north and the broad, ex- 
pansive desert areas to the south) to the "Mediterranean cli- 
mate” to which it gives its name. 

Perhaps one of the most significant late Neogene paleogeog- 
raphic extents was the elevation of the IsthmiLs of Panama, 
xvhich resulted in the termination of the marine gatexvay link- 
ing the Atlantic and Pacific Oceans, at 3.5 Ma (Berggren and 
Hollister, 1974). This event had a dramatic effect on (Kfanic 
circulation patteras (interruption of the Atlantic to Pacific 
equatorial current sx^stem), paleobiogeographx of marine 
(chai*ge from global to disjunct distribution patterns) and ter- 
restrial (re-establishment of north-south migration route— 
"The Gieat American Faunal Interchange”) organisms. The 
effect of this barrier on climate is not fully clear, but the prox- 
imity in time of its formation to the initiation of northern hem- 
isphere polar glaciation (about 3 Ma: Berggren. 1972b) may 
indicate a significant role — pumping increased xolumes of 
warm, high-salinity waters (Gulf Stream) into high latitudes 
where evaporation led to precipitation over the region of ea.st- 
ern Canada and Greenland, cooling, and eventually to the 
development of the polar ice cap (Luyendyketfl/. , 1972; Berg- 
gren and Hollister, 1974). 

During the la.st 1(X),000 yr eustatic .sea-level fluctuations 
have led to alternate ojx?ning and closing of the Straits of Bab 
el Mandab in the .southern Red Sea and the tenijxjral i.solation 
(and partial evaporation) of the Red S.'a (Berggren. 1969). 
This cyclic process max' be exix?cted to haxe occurred earlier in 
the Pleistocene as well, but stratigraphic ex idence is lacking. 
What effect these events would haxe had on climate is not 
clear, but they may be exi)ected to haxe lxx*n minor and of 
local extent. 


SUMMARY 

The hi.story of climate over the pa.st 200 m.y. i.s one of chang- 
ing oceanic currents that are in turn tnc result of changing 
ocean-cx)ntincnt geometries. During the Mesozoic, the (onti- 


nents of the gloln' xx ere grouix*d into a single landina.ss of es- 
sentially bi{K)Iar exteasion. This amfigii ration resulted in a 
highly efficient, |X)lexvard heat transjKirt by large, sluggish 
gx re systems that xvere .substantially xvarmed by eejuatorial 
traasit across nearix half the glolx*. 

The gradual breakup of Pangaea and the coase(|uent dis- 
memberment of Panthalassa into the sexeral connected, but 
distinct, ixvaas of today result* a decline in the ec|uitable 
climatic c'onditioas of the Mcm^zoic. The initial ex ent in the se- 
quence of ex'ents leading h> the present climatic c'onditioas 
max' haxe Ijcen the mid- Mesozoic (about 140 Ma) dexelop- 
ment of a circumecjuatorial, Tethyan seaway that would haxe 
had the effect of establishing additional .stable gxre sxstems, 
thereby diminishing the efficiencx of the gx re .sxstem in pole- 
xx ard heat trans'|X)rt. As more oceans and gx res hax e been cre- 
ated and low-latitude sc'a.s have become less exteasive (through 
continental drift), global climatic ec|uat ability has declined, 
accelerating significantlx during the Cenozoic. In general 
terms, Mesozoic circulation xvas latitudinal (and meridiunal 
transport of heat energx' xvas relatixely efficient), whereas 
Cenozoic circulation has lx?en predominant! \ longitudinal 
(meridional), although meridional heat transport has become 
increasing!) less efficient. The role of gatexvays has been t>f 
fundamental importance in this history of declining climatic 
eqiiatabilitx because they hax e serx ed as the conduii through 
xvhich new current systems are introduced into a nexv ocean- 
continent geometry. 
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INTRODUCTION 

Major dimatic events in the j^eologic past have left a variety of 
retrievable records in the sediments, both on land and sea. 
Some marked fliictuatioas in the climates are evident from 
wide!) distributed sedimentological. geochemical, and pale- 
ontological features. Here we are mainK conrerned with the 
paleontological record of widespread latitudinal domination 
of certain floral and faunal elements during times of extreme 
climatic change. Numerous intervals during which biogeo- 
graphic patterns show poleward expansions of tropical assem- 
blages, or ecjuatorward extensions of cold, higher -latitude as- 
semblages, have been documented for the Cenozoic. These 
events have been informally termed climatic acme fretits (in- 
dicating peak climatic change) and have been nsed succ'ess- 
fully in the reconstruction of paleocliinate. This pa^ de- 
scribes and illustrates the concept of climatic acme events w ith 
examples from the Cenozoic marine and terrestrial rtvord 
and, w here available, gives evidenct‘ from the ox\ gen isotofx" 
rec()rd that c‘f)rroborates the paleontological c'onclusions. The 
nsebilness of acme events in biostrati graphic resolution of 
higher latitudes is also discussed. 


The concept of acme events w as informally introduced b> 
Haq and Lohmann (1976). The ina.xima of assemblage migra- 
tionary cycles w ere termed “acme horizons” and d^ined as ihe 
levels in relatively continuo'is .secpiences characterized b\' the 
maximum abundance of an en\ ironmentally sensitive assem- 
blage. If ,)ne assunic*s that times of extreme environmental (cli- 
matic. oceanographic) change are, geologically speaking 
conteiewraneoas over large geographic areas, then the acme 
events vi ill define ss nehronoas horizons. Haq and Lohmann 
(1976) suggested that the precision w ith w hich acme horizons 
approximate synchronous surfaces depends on our abilitx* un- 
ambiguously to identify the acme events (maximum geo- 
graphic shifts of assemblages). This is affected both b\ the 
wmiplexity of the migrationary cycles and by resolution of the 
method used to delineate them. 

The lec'ognition of acme ev ents involv es the use of paleobio- 
geographic data to delineate the cycles of latitudinal migra- 
tions of assemblages in stratigraphic sequences over w ide geo- 
graphic areas. The method has been described by Hatj and 
Lohmann (1976) and further disc'ussed by Ha<i ei al. (1977) 
and Ha(j (1980). It essentially involves the follow ing steps: (1) 
census of a particular fossil group from relatively continuoas 
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set)uence» in sediment samples in which tlie fossils are rela- 
tivel>- well preserved; (2) standardization and reduction of 
data by means of an appropriate (piantitative analytical tech- 
nique, which reduces ‘be raw^ census data into fow' “factors’* 
(asseniblages) that explain a large share of the variance in the 
data matrix: and (3) delineation of the distribution patterns of 
the quantitative!)' defined assemblages on a time-space grid 
and recognition of individual migrationar)' events. 


CENOZOIC EXAMPLES 

In a series of recent studies, the Cenozoic biogeograph)’ of 
calcareous plankton (nannoplankton and planktonic foramin- 
ifera) has been delineated for the Atlantic Ocean (Haq and 
Lohmann. 1976; Haqetal., 1977; Haq, 1980). Numerous lati- 
tudinal migratioas of assemblages have been recognized in 
both the Paleogene and the Miocene. Examples of some of the 
more prominent acme events are included below, and the re- 
sults are compared to oxv gen-isotopic data, where available. 

Figure 13.1 shows the nannofloral and planktonic foramin- 
iferal migrationary patterns recognized by Haq et al. (1977) 
in the North Atlantic Paleogene (65-25 million years ago 
(Ma)]. The most prominent acme events that are evident from 
both nannofossil and the foraminiferal migrationar)* pat- 
terns are described below. 

1. The shift during the middle Paleocene (60-57 Ma) of 
both high-latitude nannofloral assemblages to low latitudes 
and of mid-latitude “low-spired subbotinid” foraminiferal 
assemblage to low latitudes is in response to a marked cooling 
at this time. 

2. A shift during the latest Paleocene-early Eocene (53-49 
Ma) of low -latitude nannofloral assemblages to high latitudes 
combi r.et; with a withdrawal of high-latitude assemblages, 
combined with a maximum incursion of low -latitude morozo- 
vellid foraminiferal assemblage to mid-latitudes, as well as the 
mid-latitude “low -spired subbotinid” assemblage to higher 
latitude alsr) takes place as a result of a peak w'arming. 

3. A middle Eocene (46-44 Ma) incursion of higher-latitude 
assemblages into lower latitudes in response to a cooling, 
when high -latitude nannofossil assemblages once again return 
to temperate and tropical areas and the high-latitude globig- 
erinid assemblage makes its ^irst prominent appearance in 
mid latitudes. 

4. A second incursion of the globigerinid assemblage into 
middle and lower latitudes in the late Eocene-early Oligocene 
(38-35 Ma) indicates a marked cooling at this time. Nannofos- 
sil data are lacking in latest Eocene, but early Oligocene data 
show a sharp incursion of high-latitude assemblages into low 
latitudes al 35 Ma. 

5. A third incursion of the high-latitude globigerinid as- 
semblage into lower latitude occurs in the middle Oligocene 
(32-31 Ma). This cooling evmt is also indicated by the migra- 
tion of high-latitude nannifossi! a.ssemblages into low lati- 
ludes at this time. This acme event seems to have been at least 
efjual in intensity to the latest Eocene-early Oligocene event of 
marked climatic deterioration between 38-35 Ma. 


Sup]x>rting evidence for most of these paleoclimatic conclu- 
sions based on acme events of calcareous plankton cximes from 
other inde{x?ndent sources. On land, the early Eocene acme 
event, indicating |x;ak warming, manifests itself in a major ex- 
pansion of tropical-subtropical land plants as far north as 
40-45® N latitude (Wolfe, 1978) on the west coast of North 
America and in the presence of subtropical floral elements as 
far north as 60® N in the early Eocene in the Gulf of Alaska 
borderlands area, based on a revised age estimate (see Chapter 
16). In general, land plants indicate significantly higher mean 
annual temperatures in the northern hemisphere and low-lati- 
tudinal temperature gradients in the early Eocene (XN'olfe. 
1978). 


The evidence from land plants also corroborates the late 
Eocene cooling episode: the North American flora indicates 
that the mean annual temperatures on liind w'eie significantly 
lower than in earl)' Eocene, and. at the same time, mean an- 
nual range of temperatures increased dramatically (Wolfe. 
1978), supporting a scenario marked by climatic deteriora- 
tion. Sporomorph evidence from the southeastern United 
States (Gulf of Mexico and upper Coastal Plains) also suggests 
a rapid and marked climatic decline near the end of the 
Eocene, when climates became cooler and drier (Frederiksen. 
in press). This regime persisted into the early Oligocene. 

Ox)’gen isotopic data from various parts of the ocean also 
lend support to the marked climatic changes indicated by the 
Paleogene calcareous plankton temporal and spatial migra- 
tions (see Figure 13.2). A decrease in benthic isotopic tempera- 
ture in the middle Paleocene has been documented by 
Boersma a -id Shackleton (1977) from Deep Sea Drilling Proj- 
ect (DSDP) Site 357 on the Rio Grande Rise (South Atlantic) 
and by Boermsa et al. (1979) from DSDP Site 384 (western 
North Atlantic). At the latter site the planktonic foraminiferal 
(morozovellid) data also show low isotopic temperature in the 
r. addle Paleocene between 61-60 Ma. Buchardt (1978) re- 
corded similarly low temperatures in the middle Paleocene 
based on ox\ gen isotope analyses of mollusc shells from north- 
west Europe. 

The latest Paleocene-early Eocene climatic amelioration 
has been documented in numerous ox) gen isotopic studies 
(Figure 13.2). Shackleton and Kennett (1975) recorded high 
isotopic temperatures based on both planktonic and benthic 
foraminifera in southern high-latitude DSDP Site 277 on 
Campbell Plateau— the temperatures recorded by them were 
highest in the entire late Paleocene to Recent stratigraphic in- 
terval. Buchardt’s (1978) mnibiscan oxygen isotopic curve 
shows a sharp riv iture of shallow marginal 

.seas in nortl Paleocene-early Eocene. 

Similar trer re elevation have also 

been recorder rl\' Eocene sequences at 

DSDP sites 39. Atlantic by Vergnaud- 

Grazzini et al. (19 n- l)enthic and planktonic 

foraminifera. 

All the data cited aixive Ix-ai on the conclusion that the lat- 
est Paleocene-Ci..'!) Eocene represents the warmest period of 
the entire Cenozoic in the marine realm. On land, mean an- 
nual temjx?ratiires were also considerably higher than at pres- 
ent (Wolfe. 1978). This peak climatic amelioration also seems 
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FKiCRF- 13.1 A summary of the major nanmifloral and foraniiniferal niigrationary patterns in the North Atlantic Ocean through the Early 
Onozoic. Migrations toward higher latitudes are interpreted as lx*ing caused by climatic warming and toward low er latitudes by climatic cooling. 
The patterns delineatiiJ encU)s<* all sumpU's that contain abundances greater than those* indicated in the k^gend. Arrow s indicate the direction of the 
ihajor shifts of a.ssemblage*s. Major and minor nannofloral a.s.semblages w ith similar latitudinal preferences have Ikvu cximbined to obtain comprwite 
patterns in sfime casi-s. (From Hat} d a!., 1977, with ix'rmission of the American Geophysical Union.) 


to have triggered higher evolutionary turnover in phytoplank- 
ton and foraminifera, when both nannoplankton and plank- 
tonic foranunifera show high evolutionary rates (Berggren, 
1969: Harj, 1973), culminating in a peak in pelagic diversity in 
the middle Eoc'ene (Fi.scher and Arthur, 1977). 

The other nannofloral acme events observed in tbe Atlantic 
Ocean are also supported by oxygen isotopic data to varying 
degrees. The later middle Eocene cooling ha.s been ret'orded at 
DSDP site 277 (Shackleton and Kennett, 1975), DSDP site 357 
(B()ersma and Shackleton, 1977) and in m^rthwest P^urope 


(Buchardt, 1978). The late Eocene-early Oligocene txx)ling 
event has l)een particularly well documented in the oxygen 
isotopic record. At DSDP site 277 a sharp drop in both plank- 
tonic and benthic isotopic temperature is evident {Shackleton 
and Kennett, 1975); at DSDP sites 398 and 40i (North At- 
lantic) a marked cooling trend has been recorded (Vergnaud- 
Grazzinl d al., 1978) and the northwest P^urojK^an data show 
a similar precipitous drop in paleotemperature in the late 
Eocene-early Oligocene interval (Buchardt. 1978), The slight 
offst*t in the timing of this event between DSDP site 277 
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(Shackleton and Kennett, 1975) and elsewhere is most prob- 
ably due to the relatively less accurate bi(x^hronologic resolu- 
tion capability because of the hi^h-latitude location of DSDP 
site 277. The mid-Oligocene cooling event is not so obvious in 
the isotopic record, which shows relatively low -amplitude 
variatioas dining most of ihe Oligocene. 


Figure 13.3 summarizes the nannofloral migratioas in the 
North Atlantic in respoasi* to climatic acmes during the 
Miocene (Haq, 1980). Most of the biogeographic “acAivity** is 
confined to the mid to high latitudes, which show the most 
distinct migrationary patterns. This record shows four cooling 
events, alternating with four warming events of varying in- 
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FIGUHK 1.J.2 Paleogene oxygen isotope* stratigraphy of DSDP .sites from published soura .. Planktonic and henthic foraminiferal 6*^0 curves 
from DSDP sites 277 /Shackleton and Kennett, 1975): 357 (Boersma and Shackleton, 1977); and 398, 400, and 401 (Vernaud-Crazzini et a/., 1978): 
generalized mollusc 6*^0 curve from northwest Europe (Buchardt, 1978); planktonic and benthic foraminiferal curves from Paleoceneof DSDP site 
.384 (B^HTsma ct al.. 1979); and OligtK'ene planktonic and benthic curves from DSDP site 366 (Boersma and Shrckleton, 1978). Lines are drawn 
through the climatic acme events that have been identified through calcareoas plankton migrationary patteras (Haq ef at., 1977). 
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FIGl’KK 13 3 A suniipan of naimoflorul 
riii^rationarx puttmis in thi* North Atlantic 
Otfun through tiu* MiiKviu*. DSDF cort-s art- 
rt*preM,‘ntt*d In tht* approiirtati* site miriilKT, 
and sainpk* lewis in tht“A.* co^t^ are repre* 
sented h\ lines. Tlu* MiiKfne record shows 
four diinatic narnlin^ episodes as indicatitl 
by low - and mid-lalitude assi'inhla^e ineur- 
stoas into higher latitude, and four ccMilitm 
episodes are indicated b\ expaasion of Cocco- 
lithiis pi'laiiirm (hi^h latitude) assiMnhlaii'e 
into lower latitudes, i. After Ha(|. 1980.) 
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teiisit) and duration. Earliest Miocene is generally axiler, 
when little or no bir)geographic activity i.s observed and a 
stress-adapted, wsmoi^ditan assemblage dominates most lati- 
tudes. The first warm acme occurs between 22-2\) Ma. with a 
jH^ak at alx>ut 21 Ma. The second warming event occurs be- 
tween 17-15 Ma, w hen mid-latitude nannoflora expands into 
higher latitudes. This is follow ed by a generally ctniler interval 
up to 12.5 Ma, to lx* followed by a second incursion of mid- 
latitude nannoflora) element into higher latitudes, indicating 
a w arming between 12.5-11 .5 Ma with a (>eak around 12 Ma. 
The third expansion of mid-latitude assemblage into higher 
latitudes rxeurs between 9-7.5 Ma with a peak around 8 Ma. 
The late Mioct*ne interval, after this last warming, is char- 
acterized by c(K>l climates, and high-latitude nannofloral ele- 
ments are found as far .south as 25'' N. 

Some of these Mi(xvne acme events also manifest themselves 
on land, as indicated by the terrestrial plant record from the 
Pacific Northwest and Ala.ska (.sex* Chapter 16). A teni|X‘rature 
rise in the middle Mhxcne i.s indicat(*d fxHwtx'n 17-15 Ma, 


w hich is followed by a cooling, and then a renewed warming 
at 8 Ma. The terrestrial retxjrd also sup|)orts the suggestion 
that the latest Mtex-ene was a generally cool interval. 

The oxv’gen i.sotopic rec*ord shows trends that are in general 
agreement with the nannofloral retx)rd (Figure 13.4). The 
warming trend between 22-20 Ma can be observed in the 
planktonic and benthic isotopic record from the South Pacific, 
high-lat!tude DSDP site 179 (Shackleton and Kennett, 1975), 
from the benthic and planktonic record at Nortli Atlantic 
DSDP sites 398 (Vergnaud-Grazzini et al., 1978) and 1 16 (C. 
Vergnaud-Grazzini, University of Pierre and Marie 
Curie, Paris, personal communication), and in the record at 
South Atlantic DSDP .site 357 (Boersma and Shackleton, 
1977). The most obvious and the w armest Miocene event is a 
marked decrease in 6 values at the early-middle Miocene 
boundary (shown by a line through the peaks in various oxy- 
gen isotope curves reproduced in Figure 13.4). This event cor- 
responds also to the first incursion of mid-latitude as.semblages 
into high latitudes between 17-16 Ma (.see Figure 13.3), w hich 


FIGURE 13.4 oxygfii i.so(o|x‘ stra- 

tigraphv of DSDP sites from varioas sources: 
planktonic foraminiferal curve for DSDP .sites 
400 (Vergnuud-firazzini rt a/., 19"K) and J 10 
[Rahii.ssier-1 ointier and others ((>. Vergnaud- 
Graz/ini, University of Pi<*rre and Marie (ki- 
rie. Paris, fXTsonal wmimiinication. 1980)], 
and planktonic and lx*nthic foraminifei ul 
curv tis from DSDP sites 279 and 281 (Shackle- 
ton and Kennett, 1975). Line tsmneets the ma- 
jor warm acme lx‘twt-en 17-16 Ma (.see text). 
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is also observed in the southern Atlantic Ocean (Ha<j, 1980). It 
seems to have been the salient climatic event of the Miocene 
e|K)ch. The relatively sharp drop in lein|)eratnres that fob 
lowed this warm episoiie is also clearly indicated by isotopic 
cur\es (FiRure 13.4) and seems to have been related to the 
oaset of e.xtensive Rlaciation on Antarctica. A late Miocene 
warming betwetm 9*7.5 Ma and the cooling event that fol- 
lowed are also evident as well from the curves from 
DSDP sites 400 and 281 (Figure 13.4) and from DSDP sites 357 
(Boersma and Shackleton« 1977) and 398 ( Vergnaud-Grazzini 
etal.. 1978). 

These examples from the Cenozoic acmes and corroborative 
ex'idenct^ from oxygen isotopic data indicate that most of th(*sc* 
events were w idespread and at least some of them were of 
global extent. 


STRATIGRAPHIC IMPLICATIONS 

Stratigraphy is primarily an exerci.se of arranging the succession 
of “events” aimed at achieving better correlation capability 
for the documentation of historical geologx*. Biostratigraphy, 
one a.s{)ecl of stratigraphy, utilizes the sequences of hiostrati- 
graphic “events” (first and last occurrences of taxa and some- 
times their dominances) and their inferred (or interpolated) 
ages to arrive at a utilitarian biochronolog\\ The extent to 
which biostratigraphic zones or datum events can be applied 
for correlatioas is limited by the geographic distribution of the 
defining taxa. This is the ba.sic cause of the difficulties in bio- 
stratigraphically correlating high- and low -latitude se(iuences. 

The main reason for the latitudinal differences in faunal and 
floral assemblages is the ecologic exclusion of most low -latitude 
taxa from the higher latitudes; the high-.stress en\ ironments of 
the high latitudes inhibit the development of diversified a.sseni- 
hlages, and thus much of the time the high latitudes are populated 
with few, ctismopolitan, robust, and well -adapted eury- 
thermal taxa, with long-stratigraphic ranges that are only 
marginally, if at all, useful in hio.stratigraphy. It is onl\ dur- 
ing {)eriods of marked climatic ameliorations (warm acme 
events) that tropical -tern |x?ratc assemblages expand into 
higher latitudes, making lower latitude zonal schemes appli- 
cable in higher latitudes for the duration of the event. A good 
example of this is the late Paleoc’ene-early EcKvne and the 
early middle Miocene intervals when global warming episodes 
make tropical -subtropical l)iostratigraphies more readily ap- 
plicable in higher latitudes. During other timers in the Cen- 
ozoic the low- and high-latitude correlations are difficult at 
best. 

The delineation of migrationary patterns of a.vsemblage*s in 
resix)ase to climatic acmes can provide a solution tc> the high- 
to low -latitude cx)rreIation dilemma. As mentiomxl earlier, if 
episodes of extreme en/ironniental changes are gw)logically 
contem|K)ra neons, then acme events wull approximate syn- 
chronous horizons. Acme horizons (Figure 13.5), or maxima 
in migrationary cycles, will define approximate time lines, 
and Ixith the warm and ctild acme events can lx‘ C'on\enientl>- 
iLsed for c*orrelation purix)st*s. The acme horizons are similar 
to. but more narrowlv detim*d than, acme or |X‘ak zones, 
which are characterized In the “exceptional” abundanc‘<* of a 


FIGURE 13.5 Acme horizom: defined by maximum latitudinal migra- 
tions of assemblages in response to climatic acme events. Areas labeled 
a, b. and c delineate the latitudinal distribution of hypothetical 
assemblages and record latitudinal migrations of these assemblages 
through time. Acme horizons 1-5 approximate isochrons and help in 
the stratigraphic correlation of sections I. II, and III. A given acme 
horizon rna\ lx* defined b\ abundances of different assemblages in dif- 
ferent areas, allow ing the horizon to be extended across all latitudes. 
At a given latitude it may not be |X).ssihle to identify uni(]uely a given 
acme horizon from the many existing w ithin a stratigraphic sctjuence. 
Thns stratigrajihic .sections must first be approximately correlated by 
the usual hifxstratigraphic mc*thods. and then the acme horizons are 
used to refine the time stratigraphy. (After llaq and Lohmann. 1976.) 

taxon rather than by the maximum abundance of an environ- 
mentally seasitive assemblage (Haq and Lohmann, 1976). 

The use of acme horizoas as a correlation tool has been illus- 
trated in Figure 13.5. E.ssentially, the procedure involves 
three .steps: (1) delineation of cycles of latitudinal migration of 
a.ssc*mblages recorded in stratigraphic sequences, (2) approxi- 
mate correlations of these cycles at different latitudes by the 
asiial bio.stratigraphic methods, and (3) refinement of this ap- 
pn;vimate time framework asing migrationarx' maxima as time 
lines. This .scheme i.s analogous to the method of local time cor- 
relation that uses |X).sition within bathymetric cycles recorded 
in traasgressixe- regressive stratigraphic sequences. 
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INTRODUCTION 

To what extent has the Arctic Ocean been a lactor for pre- 
Pleistocene world climates? This j>aptT examines the idea by 
asking three cjuestioas: (I) What is the role of the existing Arctic 
ice cover in modern climate? (2) What models are available for 
an ice-free Arctic Ocean, and what do these models suggest 
about the effect of an ice-free ocean on world climates? (3) What 
does the sediment record say about «)nditions of the Arctic 
Ocean in the post -Jurassic world? 

Answers tf) these questioas suggest a significant role for the 
Arctic Ocean in post-Jurassic naleoclimatology' and, equally 
importiiiit, point to |K)ssil>le future dramatic climate chang<*s if 
the Arctic Ocean environment is altered. 


MODERN ARCTIC OCEAN AND EFFECT ON 
WORED CLIMATE 

The central Arctic Otvan (approximately 66 ^' N latitude) differs 
most strikingly from other (K-eans bcicaasc* mosi of it is itt* 
covered throughout the year. This includes the area above 70'' N 


latitude, from 105° E to 135° W longitude. The area of 
the Creenland-Norwegian-Barents-Kara Seas has <. o isiderably 
more open water during summer months but v^nly in the area 
south of 80° N (Figure 14.1). 

Becaase atmospheric circulation large! >’ is generated by the 
gradients resulting from heat gain at low latitudes and heat loss 
at high latitudes, the approximate 6 x 10^’ km^ {)erennial ice 
cover of the Arctic Ocean has a profound effect on modern 
world climate. Hohn (1978) described details of this pattern 
for polar regions. Because* it is more than twice as large, the 
Antarctic is a more significant climate modifier. In both areas, 
the ice cover restricts heat exchange between the atmosphere 
and the oc'can. Heat loss by the ocean is suppressed in winter as 
is heat gain in summer. This results in at least three times as 
much atmospheric cooling with the ice as there w ould be with- 
out it (Fletcher and Kelley, 1978). 

In addition to affecting general atmospheric circulation, 
short-term weather modifications caused by changes in extent 
of the ice cover illustrate direct effects. A decrease in area of 
Arctic ice correlates w ith a northward .shift of storm l;acks and 
a shift of mid-latitude rainfall patteras ea.stward (Fletcher, 
1972; Fletcher and Kelley, 1978). A dramatic example of 
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FIGURE 14.1 Approximate limits of year-round Arctic Ocean ice 
cover. 


weather modification is based on satellite data that showed 
that the ice cover w a.s 12 percent greater in 1971 than in 1970. 
Thi^ productd a .surface-heat-exchunge deficit for the Arctic 
that w as correlated w ith anomalous 'a eather patterns in lower 
latitudes duriag 1972 and 1973 (Kukla and Kukla« 1974). 

Some of the effects are more complex. Other data .show that 
the Arctic region (Greenland, in this example) and northern 
Europe are out of pha.se in term.s of .severits’ of w inter tem|)era- 
tures. This has l)een described as the “.seesaw effect.” Colder 
Arctic (Greenland) winters common!) correlate with mild 
northern European winters and vice versa (van Loon and 
Rogers. 1978). The temperature anomaly is correlated with 
anomalous weather effects over wide area.s including the 
?x)uthern Mediterranean, the Middle East. Central America, 
western North America, and Alaska. Explanatioas for this 
temperature anomaly are related to pressure anomalies as w ell 
as to general atmospheric circulation. 

An interesting model of world climate and it s relatioaship to 
astronomical ther)ries of ice ages includes «K))ing and heating 
parameters; heat transport; seasonal variation in Arctic ice 
cover; and a variety of Earth obli<|uity, eccentricity, and pre- 
cession factors (Pollard. 1978). A number of conclusioas derived 
from the still imperfect model include the obstTvations that 
variation in extent of ice cover would have a profound effa t on 
world climate. Nonetheless, the totality of cryospheric pro- 
c'es.ses including feedback mechanisms for the Arctic Ocean 
and the relatirm.ship t(» world climate is only partially under- 
stood (Polar Group, 1980). 

However. lx)th obstTvations and models furnish suggestive 
data regatdtng the effect of the Arctic ice txner on world 
climates. 


WORLD CLIMATE AND AN ige-fmEL 
ARCTIC OCEAN 

Polar ice cos ers are basic to the generation of atmospheric cir- 
culation. Removal of the ice covers would reduce the thermal 
gradient and change circulation. The extent of the change that 
would lx* produced has not been <]uantitativel\ described, in 
fact . a realistic model of the entire planetary circulation 
under the assumption of an ice-free Arctic Ocean is not yet 
available . . .” (IHetcher and Kelley, 1978, p. 103). Nonethe- 
less. there are data suggesting how the absence of an Arctic ici‘ 
cover would gieatly modify w orld climates. For example, dur- 
ing the summer, an itv-free Arctic Ocean would absorb 90 per- 
cent of .solar radiation reaching its surface in contrast to the 
present figure of 30 to 40 |XTcent (Fletcher and Kelley, 1978). 
Such a change would affec4 the Earth s heat budget. 

There is disagreement on the actual heat balance of an ia*- 
free Arctic. ^ )nt* argument is that under ice-free conditions the 
Arctic Ocean would gain approximately 40 kcal/cm^ in .sum- 
mer but lo.'^ a similar amount in the w inter for a balance (Flet- 
cher and Kelley, 1978). Others argue that there would be a 
smaller heat loss in the w inter, resulting in a yearly net increase 
in (x?ean temperatures (Donn and Shaw , 1966). 

Year-round ojx?n w ater in the Arctic vouJd be a source for 
increased atmospheric n^oisture. The surface temperature of 
an ice-free Arctic would be critical in determining how much. 
A( 0-5 surface tem|x?rature, the Arctic would give only a 
fifth to a sixth as much moisture to the atmosphere as water Ht 
25-30®C, under similar wind conditions (Lamb, 1974). No.ie- 
theless, an ice-free Arctic Ocean would contribute to w armer 
atmospheric conditions that could produce an increase in pre- 
cipitation for Canada, India, the Middle East, and China and 
a sharp decrease in precipitation for most of the United States, 
Eurasia, and much of northern Africa (Wigley et o/., 1980). 

Such conclusions w'ould be more impressive if framed in 
quantitative terms, hut in the absence of complete modeling of 
these conditioas, it may be :»afe to conclude that change in pre- 
cipitation pattcras in addition to other changes in atmospheric 
gradients produced by an ice-free Arctic would be a factor in 
amelioration of northern hemisphere climate. 


DEVELOPMENT OF THE ARCTIC OCEAN 

Having examined ({uestioas related to the effect of an ice- 
covered and ice-free Arctic Ocean on world climate, it is neces- 
sary to discass the geologic development of the Arctic. What is 
know n about the alnence or presence of ice cover during the 
develoj>mcnt of the Arctic Ocean? The size and position of me 
Arctic Ocean have changed as crustal plates ha\ e adjasted. By 
the Cretaceous, the present position of the Arctic Ocean was 
approached (Firstbnxik et al.. 1972: Smith and Briden, 19T7), 
but the ocean w a.s only one half as large fks it is at present . As the 
North Atlantic opened, spreading along the Naasen Ridge 
doubled the size of the Cretace<»as Arctic Ocean (figure 14.2) 
to its present dimeasioas (Clark, 1977a, 1977b, 1981); in this 
setting, sea ice was to form, but not quickly. 
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Pre-Cretaceotis Co nditions 

Details of the pre-Cretaeeous Arctic Ocean are unknown. 
Paleozoic and pre-Cretaceotis Mesozoic rocks from the ctmti- 
adjacent to the Arctic Ocean have yielded data that have 
been combined with ^>{dt> sical .sur\'e\'s of the Arctic Ocean 
l>asin to give hints. The interpretation of all this information 
suggests “that the Arctic has been a center of marine .sedimen- 
tation and an avenue for polar migration of faunas since at 
least the early Paleozoic** (Churkin, 1973, p. 497). Faunal ele- 
ments from folded sedimentary rocks that apparently pass into 
the modern Arc^tic Ocean are similar to faunas from Eurasia 
and support the idea of a Paleozoic tra ns- Arctic connection. 
No profound ecologic differences have been suggested for these 
faunas. The pre-Cretaceous Arctic Ocean apparently may not 
have bec!« a critical element in world climates. Paleogeo- 
graphic teconst ructions for the pre-Cretaceoas Arctic are not 
know n in sufficient detail to be of much help. 

Late Cretac(vus-Early Cimozoic Arctic Ocean 

Maestrichtian and Paleocene deep-sea cores from the Alpha 
Cordillera of the central Arctic Ocean consist of opaline 
sediments representing biogenic silica accumulations and doc- 
ument periods of high primar>’ productivih- and inteasified 


upwelling (Kitchell and Clark, in pass). The sediment, origi- 
nally defined as tuffaceous (Clark. 1974), has been more accu- 
rately calculated on a bulk-sediment basis to irK'ludc from 43 to 
78 percent biogenic silica (Kitchell and Clark, in press). There 
are no significant terrigenous nor carbonate components. The 
sediment is laminated, lacKs burrowing, and most likely repre- 
sents deposition in a deep basin. 

( jirrently, the deep Pacific is the reservoir supplying silica 
through upwelling to the Bering Sea and the Se^ of Okhotsk 
and Japan. The Late Cretaceous- Paleocene Arctic may have 
had a deep connection with tlte north Pacific, although the 
geography of the paleocireulation ts iinknow n (Clark, 1977a, 
1977b; Litchell and Clark, in press). 

FaAsiis in the biogenic sediment include diatoms, silicoflag- 
ellates, ebridiaas, and archaeomonads. They average 100 x 
10^ to 400 X 10^ S|jecimens/gram of bulk sediment. Modern 
deasity analogs include accumulations in the Gulf of Califor- 
nia, on the southwest coast of Africa, and in the Antarctic 
Ocean, associated with strong upwelling conditions. The Cre- 
taceous Arctic phytoplankton have affinities with known nor- 
mal marine species in California, Russia, and tlie South Pacific 
and Indian Oceans (Clark and Kitchell, 1979a). 

The oxygen isotope data suggest w rldwide surface-water 
temperatures averaging around 20° C for at least part of the 
Cretaceous-Pal eocene (Shackleton and Kennett, 1975). The 



FICURE 14.2 Tectonic setting for the Cen- 
tral Arctic Ocean. Nansen Ridge has been .site 
of Onozoic spreading in the Arctic, separating 
Ivomonosoi' Ridge from the Barents Continen- 
tal Shc4f. Origin of Alpha Ridge is uncertain. 
MiAliiiid from Ostenso ami W(»ld (1973). 
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similarity of the Arctic fiora! elements to those, in the Pacific 
and Indian Oceaas suggests a similar temperature for all of 
these areas. 

These consideiations are strong evidence hv an opefi vvaler, 
ice-free Arctic Ocean with ecologic conditions similar to those 
in lower latitudes. The uniformity of world climates during 
this time interval has been widely reported (e.g.» Wolfe, 1975; 
Berggren and Hollister, 1977; Frakes, 1979). The question be- 
comes one of whether the CrH <ceous-Paleocene Arctic Oc^n 
was a passive participant or a significant contributor to the 
worldwide tem|)erature climate of tl.«* time. Theoretical consid- 
erations of an ice-free Arctic Ocean, discussed earliek , stron*^ly 
suggest the latter, that Is, the worldwide temperate climates ci 
the Cretaceous-Paleocene may have been dependent, at least in 
part, on ice-free conditions of the Arctic Ocean, Atmospheric 
gradients generated by heat exchange from high latitudes to 
lower latitudes would be signlficandy less during ice-free Arctic 
conditions. A lower atmospheric gradient along with the gen- 
eral “commotion in the ocean” of the time (Berggren and Hollis- 
ter, 1977) may be sufficient to explain the tempef-ate Creta- 
ceous-Early Cenozoic world climates. 

Recent k', coasiderable attention has been given to “injec- 
tion ever i” in the world’s oceans (e.g., Gartner and Keaney, 
1978; Thierstein and Berger, 1978; Clark and Kitcheli, 1979a, 
1979b; Gartner and McGuirk, 1979; Clark and Kitcheli, 1981). 
One model, the Arctic Spillover Model, suggests that restric- 
tion <>f Arc *c circulation with luwei -latitude oceans may have 
produced a “freshwater” muss eventually draining into the 
lower-latitude seas, forming a low-salinity surface layer that 
may have been a factor in extinction of certain pelagic or- 
ganisms and even affecting terrestrial life. Although imagine 
tive ir * cept, lack of data fo’- a freshwater Cretaceous Arctic 
make tne model highly speculative. In fact, the only data 
available for the Late Cretaceous Arctic Ocean indicate that 
water of normal salinity and high productivity was present 
clo.se to the time a volume of freshwater is needed for the 
spillover. 

Middle Cenozoic Arctic Ocean 

No Middle Cenozoic sediment has been identified from the 
Arctic Ocean. Thi.s inclodes the interval e?^tending from the 
late Paleocene- Eocene through most of the Miocene. T1 is was 
a critical time for world climates. Glaciation apparent:/ was 
initialed in Antarctica. The polar cooling profoundly altered 
atmospheric circulation, and a strong thermal gradient, simi- 
lar to that of the present, was established. Evit^ence for the 
mid-Cenozoic climate deterioration is based on development 
from |K)lar glaciation as well as oxygen-carbor* 'topes studies 
(Figure 14.3). 

The Arctic Ocean ice cover possibly many have developed 
during this time. However, the evidence is circumstantial and 
includes rcjcognition of general lowering of worldwide ocean- 
water temperature well as knowledge that in the central Arc- 

tic the middle Cenozoic interval is bounded by older Paleocene, 
ice-free condilioas and younger Miocene conditions that in- 
cluded glacial ice rafting as the dominant .sedimentation prcKess. 

The central Arctic during the middle Cenoz/iic was ap- 
proaching a land-locked condition' with restrictive Pacific con- 



SURFACE WATER TEMPERATURE 

FIGURE 14. 3 Surface-water temperatures for the Cenozoic deter- 
mined from oxsgen Isotope data Lorn planktonic foramlnifera. Modi- 
fied fiom Shackleton and Kennett (1975). Vertical numbers arc in 
million years. 


nections. There may have been a short period during this critical 
interval that Pacific circulation was sufficiently restricted to pre- 
vent effective exchange of water. Also, perhaps the growing 
Eurasian Bas.‘n connection with the Atlantic was not yet sufB- 
cient to allow more than surfidal exchange. If this preceded 
Pliocene uplift of the straits of Panama, no warm Gulf Stream 
boundary .-rent was available to the North Atlantic (Berggren 
and HollLN , 1975). This coupled with Eurasian freshwater 
r.ver flow into the Arctic may have led to development of a 
salinity stratification as discussed by Aagaard and Coachman 
(1975), which permitted the first winter ice to form. Nonethe- 
less, any surface freshening and freezing during the Middle 
Cenozoic probably did not affect deeper water of the Arctic a'' 
indicated by the presence of bentliic foramlnifera in sediment of 
probable late Miocene age (O’Neill ! uol). 


ARCTIC OCEAN AND LATER CENOZOIC 
CLIMATES 

The role of the Arctic Ocean for the immediate pre-PleLstocene 
world climate i.s fairly well understood. Probably, the Arctic 
Ocean became ice covered in the middle Cenozoic and to- 
gether with the Antarctic icecap provided significant areas of 
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net heat loss to propel the atmospheric circulation that has led 
to modern climates. 

The Arctic Ocean sediment record for the past approximate 
5 million years has been studied in detail. Some 13 Hthostrai- 
igraphic units have been def.aed for the late Miocene to Holo- 
cene (Clark et al,, ISSO^ (Figure 14.4). These sedimentary 
units, correlatable over 400,000 krn-, show variations on a 
single theme, ice rafting. The 13 lithostratigraphic units indi- 
cate alternating times of more and less ice rafting but no signif- 
icant deviation from this mode of sedimentation. Whether 
times of greater ice rafting correlate with thinner or thicker ice 
cover has not been answered definitely (Clark, 1971). 

Recenf^y. a few* coccoliths have been reported from late 
Pliocene and Pleistocene central Arctic sediment (Worsley and 
Herman, ) )80). Although this is interpreted to indicate epi- 
sodic ice-free conditions for the centr'd Arctic, the occurrence 
of ice-rafted debris with the sparse coccoliths is more easily in- 
terpreted to represent transportation of coccoliths from ice- 
free continental seas marginal to the central Arctic. The sedi- 
ment record as well as theoretical considerations make strong 
argument against alternating ice-covered and ice-free condi- 
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.'IGURE 14.4 Lithostratigraphy of the central Arctic Ocean. Units 
A-M coastst of glacial-marine sediment, suggesting alternating times 
of relatively rapid and slow rates of deposition. Magnetic stratigraphy 
correlation indicated. .Modified from Clark (1977a). 


tions (Donn and Shaw', 1966; Clark et aL, 1980). Although the 
time of development of the pack ice for the central Arctic 
Ocean is unknown, to date there is no evidence that precludes a 
Miocene origin. 

Geologically significant invertebrate faunas developed in 
this glacial-marine environment. This includes a predomi- 
nantly arenaceous (textularid) biofacies in the late Miocene to 
Pliocene and a calcareous biofacies (milioids and rotalids) in 
the Pliocene and Pleistocene (O'Neill, 1981). There is no evi- 
dence for other than normal salinity Arctic bottom water since 
the late Miocene. 

Productivity of Arctic water, as measured by foraminifera 
abundance, has increased to the present condition, and at no 
time during the Late Cenozoic was productivity' any greater 
than that of the present (Clark, 1971). Reported high-bottom- 
w^ater productivity' during the late Miocene is grossly over- 
stated (Margolis and Herman, 1980). Modern productivity is 
not measured by the standard of other oceans. Nonetheless, it is 
high compared w'ith productivity for any other part of the Late 
Cenozoic for which there is a record. Modern productivity has 
been achieved under year-round ice-covered conditions. 

Correlation of pre-Pleistocene climate events of lower lati- 
tudes with that of the central Arctic is difficult. For example, 
waxing and waning of continental glaciers occurred w hile the 
Arctic ice-cover remained relativelv constant. Perhaps, thick- 
ening and thinning of ice may have been the only central Arctic 
response to glacial and interglacial climates in lower latitudes. 
The Ewing-Donn (1956) theory’ suggested that the Arctic 
Ocean played a central role in northern hemisphere glaciation, 
with an ice-free Arctic producing glaciation and an ice- 
covered Arctic (suen as that of the present) producing intergla- 
cial times. The evidence available no longer supports this 
model. Rather, Late Cenozoic glacial and interglacial stages 
developed with a constant, central Arctic ice cover. It appears 
that the Arctic ice cover, w'hile respoasible in part for Pleisto- 
cene atmospheric circulation patterns, w'as only a participant 
in the drama of the recent ice ages; certainly it did not play the 
leading role. 


SUMMARY 

The conclusion that the Arctic Ocean had an important role in 
pre-Pleistocene climates appears justified. The open- water 
Late Cretaceoas-Paleocene Arctic was one of the factors con- 
tributing to worldwide climate uniformity. The probable 
Middle Cenozoic development of an ice cover, accompanied 
by Antarctic ice develo;>ment and a late shift of the Gulf 
Stream to its present posit.'on, were important events that led 
to the development of modern climates. 

The record suggests that altering the present ice cover w'ould 
have profound effects on future climates. The technology’ is 
available to melt the /irctic Ocean ice cover (e.g., Arnold, 
1961). In addition, there have been proposals by the Soviets to 
divert major rivers from their normal courses tow ard the Arc- 
tic Ocean, which would significantly alter the Arctic Ocean 
water-ma.ss density structure. A change in the Arctic water 
budget could affect the ice cover. Yearly ice-free conditions 
could develop because of more vertical convection and release 
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ot increased amount of heat to the atmosphere (Aagaard and 
Coachman, 1975). Is the world ready for new’ temperature 
and precipitation patterns? Execution of any of these proposals 
would seriously affect the Earth s climate, a fact made clear by 
the record of the Arctic Ocean’s ice cover. 
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INTRODUCTION 

Along pas^Jive margins, successions of marine deposits sepa- 
rated by unconformities are commonly found at elevations 
above present sea level. These sediments were deposited on a 
slowly subsiding margin while sea level was at a much higher 
level than at present. In addition to long-term falls or rises of 
sea level, rapid short-term changes occur that are responsible 
for the unconformities bounding the marine depositional se- 
quences. 

The magnitude of changes in eustatic sea level can be deter- 
mined from the sedimentary section if the chronostratigraphic 
and paleobathymetric history can be restored in sufficient de- 
tail. Long-term changes in sea level can be estimated from the 
present elevation of ancient marine deposits after the subsid- 


*This paper was originally published in Oceanolo^ica Acta, Supple- 
ment to Volume 3 (1981). Proceedings 26th International Geological 
Congress, Geolog)' of Continental Margins Symposium, Paris, July 
7-17, 1980, pp. 33-44, and is reprinted here - vith permission and with 
minor editorial changes. 


enct: history for those deposits is reconstructed. Short-term, 
sea-level changes are in general more elusive, since continuous 
marine sedimentation during the sea-level change is the excep- 
tion rather than the rule. Rarely is the entire short-term, sea- 
level cycle recorded in marine sediments laid down in water 
depths favorable for a high str^itigraphic and paleobathy- 
metric resolution. 

Eustatic sea-level changes, basement subsidence, and sedi- 
ment supply are the principal interacting variables in a 
marine basin (Figure 15.1). The interaction is recorded in the 
sedimentary section deposited in the basin. The resulting de- 
positional sequences, bounded by unconformities or their cor- 
relative conformities (Figure 15.2), can be recognized in out- 
crops and wells and on seismic reflection profiles because of 
important changes in areal distribution, litholog>% and depwsi- 
tional environment. Retracing the interaction or eustatic 
changes and basement subsidence from the sedimentary rec- 
ord is efficiently handled by the geohistory analysis technique. 
This technique integrates the stratigraphic and paleobathy- 
metric data in a time-depth framework and reproduces the 
subsidence of basement as a result of basement faulting, crus- 
tal and mantle cooling, and sediment loading. 


139 


140 


JON HARDENBOL, PETER R. VAIL, and j. FERRER 


EUSTATIC SU UVa RUCTUATIOIIS 



FIGURE 15.1 Schematic cross section of a passive margin illustrat- 
ing the variables controlling the distribution of paleoenvironments 
and the type of dtpositional sequence boundaries. 


This total subsidence also includes the apparent vertical 
movement effects of sediment compaction and eustatic sea- 
level changes. By quantification of the effects of sediment 
compaction, sediment loading, and thermal subsidence, the 
eustatic changes can be determined. An example of this analy- 
sis shows that in the Early Cenomanian from offshore north- 
western Africa sea level could have been nearly 300 m higher 
than the present sea level. 

The selection of northwest Africa to illustrate the procedure 
was motivated by the amount and quality of seismic and pale- 
ontologi^ data available. The absence of the Late Cretaceous 
and Tertiary at the selected well site was offset by the unusual 
quality of data for the Early Cretaceous and Jurassic section. 
The older section is much more significant in determining the 
subsidence history of a inargin than is the younger section, ai 
though a young tectonic event may escape attention. 
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FIGURE 15.2 Interaction between basement subsidence and eustatic sea-level changes is recorded in the sediments filling a basin. The upper il- 
lustration shows a schematic depth-distance stratigraphic cross section of three sedimentary se<|ueno-s along a basin margin. The lower figure shows 
a time-distance or chronostratigraphic reconstruction of the same .sedimentary setiuences. After Vail and Hardentxii 
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FIGURE 15.3 Seismic section from offshore northwest Africa showing interpreted seismic stratigraphic sequences. The sequence boundaries are 
determined by cycle terminations indicated by arrows. The ages are indicated in millions of years. For sequence designations, see Figure 15.12. After 
Vail and Mitchum (1980). 


EUSTATIC SEA-LEVEL CHANCES 

Changes in coastal onlap patterns along basin margins are 
mainly the result of relative changes of sea level (Vail et aL, 
1977). These relative changes of sea level are in effect pro- 
duced by the interaction betw'een eustatic changes, basement 
subsidence, and sediment supply. Without eustatic fluctua- 
tions, coastal onlap would be continuous and regular without 
the dow nward shifts commonly observed on seismic reflection 
profiles. Sedimentation would be controlled only by available 
space, created by basement subsidence, and sediment sup- 
ply. Quantifying eustatic sea-level changes from measured 
changes in coastal onlap does not provide an accurate meas- 
ure, because of variations in subsidence in different basins 
(Vail et aL^ 1977). The eustatic sea-level curves from the Ter- 
tiary by Vail and Hardenbol (1979) and for the Jurassic 
through Early Cretaceous by Vail and Todd (in press) are 
based on estimates from changes in coastal onlap and from pa- 
leontological studies. Quantified basement subsidence was not 
considered for those estimates. 

Sedimentary sequences can be viewed in a depth-distance or 
in a time-distance framework (Figure 15.2). Well control, 
outcrop data, and seismic reflection profiles view the se- 
quences and their unconformable boundaries in a depth-dis- 
tance framework that does not do justice to the time that is not 
represented by sediments. If sufficient age data can be ob- 
tained, a time-distance record or chronostrati graphic chart 
can be produced that shows the distribution of the deposi- 
tional sequences and the extent of the unconformities in space 
and time. 


STRATIGRAPHIC RESOLUTION 

A stratigraph'c framework that integrates seismic strati- 
graphic and biostratigraphic information produces a strati- 
graphic resolution that could not be obtained by either method 
alone. Seismic stratigraphy delineates depositional sequences 
by identifying their boundaries from reflection termination 
patterns such as downlap, onlap, truncation, and toplap of 
strata (Mitchum et al,, 1977), (Figures 15.2 and 15.3). 
Repeating this procedure for an extensive network of reflec- 
tion seismic lines defines the sequences and their boundaries 
over a wide area of varying environments of deposition. This 
detailed seismic stratigraphic netw ork provides a comprehen- 
sive record of relative sea-level changes. The relative magni- 
tudes of a succession of relative sea-level changes can be used 
to assign tentative ages to the sequences by comparing the suc- 
cession with one obtained from an area where the stratigraphy 
is well known. Where possible, however, the predicted seismic 
stratigraphic ages need to be confirmed by biostratigraphic 
control. 

Well control available in the study area needs to be corre- 
lated in detail w^ith the seismic stratigraphic network before 
the biostratigraphic information can be integrated with the 
seismic stratigraphic framework. If a number of wells are 
available, the higher-resolution biostratigraphy from the 
deeper water portion of the basins, where more age-diagnostic 
taxa are found, can be correlated with the basin margin with 
the help of the seismic stratigraphic framework. The area 
chosen to demonstrate the procedure for determining the mag- 
nitude of eustatic se^^.-level changes is the same offshore north- 
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west Africa area used to document Mesozoic sequences by 
Todd and Mitchum (1977) and Vail and Mitchum (1980). 

PALEOBATHYMETRIC RESOLUTION 

Water depth represents the distance between seafloor and sea 
level and is the portion of the column that is not filled with 
sediment. Therefore, at any given time, no record of that col- 
umn is preserved in sediment thickness measurements. The 
position of the seafloor relative to sea level can, however, be 
restored from paleontological and facies records for any signif- 
icant time horizon in the basin history. Paleobathymetric 
reconstructions need to be sufficiently detailed (Figure 15.4) 
to give an acceptable accuracy to calculations of the magni- 
tude of eustatic sea-level changes. 

Paleobathymetric estimates are based on studies by Bandy 
(1953), Tipsword et al. (1966), and Pflum and Frerichs (1976). 
These studies use the modern depth distribution of moslty fora- 
miniferal taxa as a potential water-depth key to fossil occur- 
rences of the same or related taxa. The accuracy of this method 
seems acceptable for shallow- water deposits of up to 200 m. In 
deeper environments, the resolution decreases rapidly. For a 
successful study of eustatic changes in sea level, a well has to be 
available in a portion of the basin that was filled within 200 m 
of sea level during eustatic highstands. In such shallow- water 
conditions, the chronostratigraphic resolution is often rather 
poor and has to be complemented with ages obtained with seis- 
mic stratigraphy. 

Facies and paleobathymetric information can also be ob- 
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tained from the reflection seismic record by careful analysis of 
the cycle termination at the sequence boundaries and the in- 
ternal configuration (Figure 15.5) of the sequence (Bubb and 
Hatlelid, 1977; Sangree and Widmier, 1977, 1979). 

GEOHISTORY ANALYSIS 

Ceohistory analysis is a quantitative stratigraphic technique 
that combines the stratigraphic and paleobathymetric infor- 
mation in a time-depth framework. The technique in its mod- 
ern quantified form was first described by van Hinte (1978), 
although relative age-depth diagrams were published much 
earlier (Lemoine, 1911; Bandy, 1953). Further improve- 
ments, such as corrections for eustatic sea-level changes, sedi- 
ment compaction, and sediment loading, were added more 
recently. 

Quantitative stratigraphy became feasible with the intro- 
duction of reliable time-scale models based on a careful inte- 
gration of biostratigraphy, magnetostratigraphy, seismic stra- 
tigraphy, and radiometric dating (Jurrasic and Cretaceous; 
van Hinte, 1976a and 1976b; Tertiary: Berggren, 1972; Har- 
denbol and Berggren, 1978). The resulting linear time scale 
from the base of the Jurassic to the recent is incorporated in the 
geohistory analysis base form. 

Geohistory diagrams show effectively the interaction be- 
tween sediment supply, eustatic sea-level changes, and base- 
ment subsidence through time. Corrections for sediment com- 
paction (Horowitz, 1976) are necessary to obtain a correct 
total subsidence history. The total subsidence is the sum of all 
vertical movement and represents the real movement of base- 


FIGURE 15.4 Well section with lithologic, 
stratigraphic, and paleobathymetric inter- 
pretations. The linear paleobathymetric scale 
indicates decreasing resolution with increas- 
ing water depth. The w section shows high 
paleobathymetric resolution throughout. 
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FIGURE 15.5 Seismic section from offshore northwest Africa showing interpreted seismic stratigraphic sequences with seismic facies interpreted 
from the nature of the sequence boundaries and the internal reflection characteristics within the sequence. For sequence designations, see Figure 
15.12. After Vail and Mitchum (1980). 


ment through time. After the effects of sediment loading are 
subtracted (Horowitz, 1976), a thermotec^onic subsidence is 
obtained, which would be the subsidence of basement if no 
sediment had accumulated in the basin. Crustal cooling and 
basement-involved faulting are the main components of ther- 
motectonic subsidence. Growth faults and salt and shale 
movements cause anomalies in the thermotectonic subsidence 
curve but do not affect its real magnitude. After allowances 
are made for anomalies caused by faulting and/or mobile sub- 
strata, the curve can be compared with one of a number of 
crustal subsidence curves for different amounts of lithospheric 
injection and modified after the dike injection model (Figure 
15.6) of Royden et at. (1980). The stretching model of the 
same authors did not match the Early and Middle Jurassic 
subsidence observed at the well site. Matching the thermotec- 
tonic data points with one of the dike injection model curves 
allows quantification of the thermal component of the ob- 
served subsidence; history, independent of anomalies caused 
by eustatic sea-level changes and inaccuracies in chronostrati- 
graphic and paleobathymetric interpretations. 

CONSTRUCTION OF GEOHISTORY 
DIAGRAM 

To construct a geohistory diagram (Figure 15.7), first a paleo- 
bathymetric interpretation for each stratigraphic datum is 


plotted below the present sea level. The line connecting these 
points represents the paleobathymetric history through time. 
The stratigraphic information for a given location, gathered 
from all available sources, is entered in a stratigraphic col- 
umn, which shows the subdivisions and thicknesses as they are 
encountered at present in a well or on a reflection seismic line. 
This stratigraphic information is also entered in the diagram 
and plotted agains^^ the linear time scale beginning with the 
base of the Sinemm'^an [189 million years ago (Ma)], which is 
the oldest horizon that can be correlated within the area. The 
underlying Hettangian was at the surface just before the first 
marine sediment was laid down. If the first sediment is non- 
marine, an elevation relative to sea level at that time remains 
unknown. At each subsequent datum, the base of the Sinemu- 
rian is plotted at the depth it reached below the seafloor at that 
time as a result of basement subsidence amplified by sediment 
loading. The sediment columns above the Hettangian are re- 
stored to their original depositional thickness. The line con- 
necting the basal Sinemurian depth plots depicts the total sub- 
sidence of basement that occurred at this location from the 
earliest Jurassic to the present. 

The correction for sediment compaction with depth of bur- 
ial is litholog"/ dependent. Lithologies for the section for which 
the geohistory diagram is made are determined from well 
samples and well logs. Lithologies for the section below the 
total well depth are determined from seismic data. The Ceno- 
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mania n through Hauterivian section is predominantly clastic. 
The compaction for shales is determined with 0Z « 0.7/(l + 
0.0017Z) (Horowitz, 1976) and for sand with <f>Z • 0.38 
exp( - 5 X 10 ■ ®) (D. H. Horowitz, Exxon Production Research 
Company, personal communication, 1980), where 0 is porosity 
and Z is depth in meters. 

The Berriasian through Sinemurian section coasists of dif- 
ferent types of carbonate rocks. Reef carbonates are assumed 
to undergo minimal compaction comparable to the porosity 
reduction of sand. Crain carbonates are assumed to compact 
like sand containing 30 percent shale, and micrites like shale 
containing 35 percent sand. 


SEDIMENT LOADING CORRECTIONS 

Subsidence resulting from sediment loading represents an im- 
portant portion of the total subsidence observed anywhere in a 
sedimentary basin. Since sedimentation is a function of sedi- 
ment supply and available space, sediment fill histories can be 
highly variable depending on the position in the basin. For 
meaningful comparisons of subsidence histories between dif- 
ferent locations withii: a basin, the effect f differences in sedi- 
ment fill histories has to be eliminated. 

An isotatic loading model assuming an Airy- type crust 
(Horowitz, 1976) seems to be adequate for a loading correc- 
tion in most basins as long as sediments are more or less uni- 
formly distributed (Figure 15.8). In areas adjacent to local- 
ized depocenters, such as major deltas building out in deep 
water or along compressional plate boundaries, an isostatic 
correction is not sufficient and a flexural loading model should 
be used (Watts and Ryan, 1976). With a sediment density of 
2.7 g/cm^ (at zero percent porosity), the mantle displacement 
as a result of sediment loading is 0.726 times the thickness of 
the solid-sediment column. 

s!»bsidence resulting from sediment loading is sub- 
ed from the total subsidence in the geohistory diagram, 
points thus obtained show the subsidence of the basal 
Sinemurian if no sediment had been deposited and only water 
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FIGURE 15.8 Isostatic backstripping model for Airy-type crust. 


had filled the basin. This resultant curve is the thermotectonic 
subsidence curve (Figure 15.9), which shows mostly the effect 
of v-ooling of the crust and mande, but effects of eustatics, 
faulting, and salt or shale movement should be identified if 
present. 

Thermotectonic subsidence combines the effects of cooling 
of the crust and mande and of tectonics such as basement-in- 
volved faulting and moSile salt and shale. The tectonic effects 
will, however, vary' much more from place to place within a 
basin than the effects of cnostal cooling. Constructing a 
number of thermotectonic cur.es for different locations in a 
basin will facilitate the distinction between thermal and tec- 
tonic subsidence. A detailed familiarity with the geologic his- 
tory of the basin will further help in the distinction. The type 
of basin is another important factor in the interpretation. Pas- 
sive margins with a single crustal -thinning event, sudi as the 
Adantic margin off northwest Africa, are dominated by tec- 
tonic subsidence during the initial rifting, but soon after the 
formation of the first oceanic crust, the subsidence is entirely 
due to thermal contraction unless interrupted by a tectonic 
event. 


ESTIMATE OF LONG-TERM EUSTATIC 
SEA-LEVEL CHANGES 

The thermotectonic subsidence curve for the offshore north- 
west Africa example shows a high-subsidence rate during the 
Early Jurassic that rapidly decays to a much slower rate in the 
Cretaceous and Tertiary (Figure 15.9). The general shape of 
the curve resembles the exponential subsidence curves result- 
ing from crustal and mande cooling (Royden et al., 1980), 
even though the positions of the data points in the example are 
affected by eustatic changes of sea level. 

The initial rifting phase along the northwest African mar- 
gin probably started in the Triassic, whereas the age of the 
earliest oceanic crust is generally quoted as 180 M a (Pitman 
and Talwani, 1972; Hayes and Rabinowitz, 1975). The earli- 
est magnetic anomaly is M 26 at 153 Ma, but the presence of a 
magnetic quiet zone does not preclude an earlier onset of 
spreading. Seismic stratigraphic and seismic facies studies sup- 
port an Early Jurassic opening because of indications of Late 
Pliensbachian to Toarcian deeper water deposits in the area. 
Although the rapid subsidence in the Early Jurassic could have 
a minor tectonic component, most of the constructed curve is 
the result of crustal and mande cooling, albeit with a clear in- 
fluence from the long-term eustatic change in sea level. 

The history of relative changes of coastal onlap suggests 
(Vail et al., 1977) that eustatic sea level underwent consider- 
able changes in the Mesozoic and Cenozoic. Their study shows 
that in the Early and early Middle Jurassic, sea level was close 
to the present sea level. A major rise began in the Callovian 
(156 Ma) and, with short interruptions in the Valaiiginian, 
Aptian, and Cenomanian, continued into the Late Creta- 
ceous. This general rise of sea level from late Middle Jurassic to 
Late Cretaceous has a steepening effect on thermotectonic 
subsidence curves that are not corrected for eustatic changes. 
This eustatic effect complicates the comparison between 
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FIGURE 15.9 Geohistory diagram showing the thermotectonic subsidence curve of the base independent of sediment loading and depicting the 
subsidence of the Early Jurassic base if the basin was not filled with sediment. A small compressional uplift is assumed for the Late Tertiary. 


reconstructed thermotectonic curves and model curves for 
crustal and mantle thermal subsidence (Royden et al., 1980). 

If sea level in the Early and Middle Jurassic was as close to 
the present sea level as is suggested by the magnitude of rela- 
tive changes of coastal onlap, the data points for that portion 
of the section should match one of the model curves for crustal 
and mantle cooling. This assumes that the observed thermo- 
tectonic subsidence curve represents only thermal subsidence 
with long-term eustatic departures that started immediately 
after the formation of the first oceanic crust. The geohistory 
diagram (Figure 15.10) suggests that the first oceanic crust 
was formed at 177 Ma between the 179 Ma and 174 Ma sequence 
boundaries. The model curve for a 60 percent injection of the 
lithosphere matches the Early and Middle Jurassic data points 
(Figure 15.10). All other data points beginning in the Late Ju- 
rassic hill significantly below the 60 percent model curve, 
which is consistent with a general rise in eustatic sea level in 
the Late Jurassic and Early Cretaceous. 

Other model curves, such as those for 50 percent and 40 per- 
cent injection of the lithosphere, do not match the steep initial 
portion of the constructed curve. These two model curves indi- 
cate an initial thermal subsidence for an opening event at 177 
Ma that is lees than the observed total subsidence. 


I'h j present-day data point in the geohistory diagram (Fig- 
ure 15.10) falls about 100 m above the 60 percent model 
curve. This is interpreted as the results of Late Tertiary uplift, 
which can be substantiated by several lines of evidence. Com- 
pressional tectonics associated with the formation of the High 
Atlas Mountains may have begun in the Late Oligocene and 
continued through the Late Miocene, resulting in significant 
erosion of older deposits. Only the clinoform toes of the Mid- 
dle Miocene sea-level highstand sequences are preserved (Fig- 
ure 15.3). Toplap associated with the Pliocene highstand 
sequence seaward of the well location suggests that the Ceno- 
manian at the well site was at or slightly above sea level at that 
time. The subsidence of the Cenomanian surface since the 
Middle Pliocene can be estimated at 177 m if we add Middle 
Pliocene eustatic sea level [ + 80 m (Vail and Hardenbol, 
1979) J and present-day water depth (97 m). This subsidence is 
faster than the thermal contraction from an Early Jurassic 
opening event as is suggested by the 60 percent model curve. 
By the end of the Miocene, the total compressional uplift may 
have exceeded 200 m (Figure 15.10). 

Independent qualitative evidence for an uplift is provided 
by seismic interval velocities that suggest that the Early 
Cretaceous sediments are overcompacted for their present 
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FIGURE 15. 10 Geohistory diagram comparing thermotectonic subsidence with model curves for three different amounts of injection of the litho- 
sphere. A small compressional uplift is assumed for the Late Tertiary. 


burial depth. The observed interval velocities require a burial 
depth between 450 and 750 m some time between the Ceno- 
manian and the present. Without an uplift, this burial depth 
could have been accomplished only if the basin at the well site 
was filled to sea level in the Late Cretaceous and subsequently 
eroded during lowstands in the Tertiary, especially in the Late 
Oligocene. All Upper Cretaceous and Lower Tertiary^ deposits 
encountered in the area are deposited in bathyal water depths, 
and the configuration of the seismic sequences suggests that 
the basin at the v/ell site was not filled to sea level until the 
Oligocene. Several lines of evidence seem to agree that at least 
some uplift occurred in the Late Tertiary. The amount of up- 
lift cannot be determined with accuiacy because the Tertiary 
stratigraphic iriormation is very incomplete as a result of the 
uplift. In the calculations for eustatic sea-level changes, a 
100-m uplift is used. This value is estimated from the position 
of the present-day data point relative to the 60 percent model 
subsidence curve in Figure 15.10. The resulting values are 
compared with those obtained if no uplift is taken into ac- 
count. 

The distance between the thermotectonic subsidence curve 
and the 60 percent model subsidence curve in Figure 15.10 is a 
meiisure of the long-term eustatic sea-level change in the Ju- 


rassic and Early C Cetaceous. Sea level is rising in the late Middle 
Jurassic and begins falling in the latest Jurassic and Berriasian. 
A new sea-level rise begins in the Hauterivian or mid-Valangi- 
nian and continues into the Early Cenomanian. Measuring 
eustatic changes directly from Figure 15.10 produces values 
that require correction for the loading effect of eustatic sea- 
level changes as follows: 

MD = Asea level + (pwlprn) x Asealevel = 1.309 A sea level 
or 

A sea level * MD/1.309, 

where MD is the measured distance of the data point below 
the model subsidence curve in Figure 15.10, 

The calculation of long-term eustatic sea-level changes is 
based on an isostatic comparison on an Airy-tyf)e crust (Horo- 
witz, 1976; Watts and Ryan, 1976). At 97 Ma (Early Ceno- 
manian) depositional water depth as determined from ben- 
thonic microfossils is 180 m. Early Cenomanian beds are still 
(or again) at the seafloor covered by 97 m of water. 

The isostatic comparison is given by the equation: 

WDi + Ts * WD 2 -f- EF -h MC + Ru, 


(15.1) 
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where WDj is the original water depth, Ts is the thermal sub- 
sidence from the 60 percent model curve in Figure 15.10, 
WD 2 is the present water depth, EF is the eustatic difference, 
MC is the mantle compensation after an eustatic change, and 
Ru is the present-day expression of the regional uplift in the 
Late Tertiary (100 m). The effects of mantle compensation 
can be determined by the equation 

MC - EF (pu?/pm - pw) - 0.45 EF, (15.2) 

where pu? is the density of seawater (1 .03 g/cm^) and pm is the 
average density of the mantle (3.33 g/cm^). Equation (15.1) 
can be written as 

EF » [(WD 2 - VVD 2 ) + Ts ± Ru]/1.45. 

Substituting values for the Early Cenomanian and the prese nt 
in Eq. (15.3) results in an apparent eustatic sea-level fall of 
281 m (Figure 15.11). Equation (15.3) calculates eustatic sea- 
level change for water-filled basins only. For other data points 
in the Early Cretaceous and Jurassic, additional corrections 
are required for sediments deposited during the respective 
time intervals. Isostatic comparisoas can made by remov- 
ing the sediment and restoring the water depth as follows: 

EF = [WDi - (WD 2 + WR) + Ts - flu]/1.45, (15.4) 

where M^R is the restored water column after backstripping 
and taking into account unloading adjustments and porosity 
restoration of the underlying section. The parent sea-level 
changes for data points in the Early Cretaceous, Late Jurassic, 
and Middle Jurassic determined in several different ways are 
listed in Table 15.1. The eustatic changes were initially cal- 
culated for a l(X)-m uplift and for the case that no uplift oc- 
curred. The values measured in Figure 15.10 and corrected for 
eustatic water loading should agree with the calculated values 
if no uplift occurred. Table 15.1 shows that the measured val- 
ues fall between those calculated for a 100-m uplift and for no 
uplift, thus confirming some uplift but not as high as 100 m. If 
the present-day data point on ine thermotectonic curve were 
70 m above the model curve, there would be close agreement 
between calculated and measured eustatic sea -level changes. 

The eustatic sea-level values thus obtained represent the 
highest sea-level stand in each sequenc'e. The changes ob- 


SEA UVB AT 17 IMa 



HCURE 15.11 Calculation of eustatic scc-lcvel change from the 
Early Cenomanian to the recent. 


TABLE 15. 1 Eustatic Sea Level in Meters above the 
Present Sea Level Calculated with Equation (15.4) for 
Three Different Amounts of Late Tertiary Compressional 
Uplift Compared with the Eustatic Sea Level Measured 
from the Geohistory Diagram in Figure 15.10 (Corrected 
for Eustatic Highstand Loading Effects)" 


Age 

No 

Uplift 

100-m 

Uplift 

70.m 

Uplift 

From 

Figure 15.10 

Early Cenomanian 

350 

281 

302 

302 

L^ite/ilbian 

359 

290 

311 

306 

'rnr, Aptian 

259 

190 

210 

20a 

Middle Aptian 

195 

126 

147 

138 

Top Valanginian 

129 

60 

81 

69 

Top Berriasian 

179 

110 

130 

107 

Mid-Kimmeridgian 

247 

178 

199 

U9 

Top Callovian 

210 

141 

162 

107 

Top Bathonian 

77 

8 

29 

0 


“Figures for the 70-m uplift are the preferred values. 


served are therefore predominantly changes in the long-term 
eustatic sea level. There is close agreement with previous re- 
sults obtained by different metliods by Hays and Pitman 
(1973), Vail et al. (1977), Pitman (1978), and Vail and Todd 
(in press). A significant difference exists, however, with the 
values obtained by Watts and Steckler (1979) using a similar 
method based on the subsidence histor)^ of the Atlantic Ocean 
margin of the North American east coast. A possible explana- 
tion for their much lower results is that their assumption of the 
thermotectonic subsidence of the Atlantic Ocean margin be- 
ing a single thermal contraction event is not valid. Thermotec- 
tonic subsidence histories for Gorges Bank anc Baltimore 
Canyon COST wells suggest coni, .derable tectoni-? activity^ in 
the Early Cretaceous and Middle Tertiar)^ 


IDENTIFICATION OF SHORT-TERM 
EUSTATIC CHANGES 

Previous sections of this paper discussed the paleoenviron- 
ments, subsidence history, and long-term sea-level changes de- 
termined from a well located on seismic line C, offshore north- 
western Africa. The well log and seismic section show that 
there are many abrupt vertical changes in depositional envi- 
ronments and lithofacies. In order for these abrupt changes to 
occur, a rapid change is necessary in one or more of the three 
variables: rate of subsidence, rate and type of deposition, or 
rate of eustatic sea-level changes. Figure 15.10 shows that sub- 
sidence in the area of the well follows a nomnnl ( errnal con- 
traction curve from the time of initial formation of oceanic 
crust (±177 Ma) to the I ate Oligocene, when uplift associ- 
ated with the High Atlas Mouuiulri^ commended. All changes 
in subsidence are gradual except for the initial subsidence fol- 
lowing the formation of oceanic crust in the Atlantic Ocean 
( ± 177 Ma) and the subsidence follow ing the uplift associated 
with the High Atlas Mountains ( ± 3.8 Ma). The type and rate 
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of deposition of the sediments in t><* nt rthwest African margin 
also change through time. These changes are, however, grad- 
ual when the total basin is studied. In any one location, abrupt 
changes in sediment type and sedimentation rate are common 
occurrences. Global studies of the Jurassic and Tertiary (Vail 
et al., 1977, Part 4, Figure 6; Vail and Hardenbol, 1979; Vail 
and Todd, in press) show that rapid eustadc sea4evei changes 
occur periodically (Figure 15.12). The timing of these global 
changes coincickss with the changes observed in northwest 
Africa. We conclude that most of the abrupt changes observed 
in the well and on seismic line C are caused by these rapid 
changes in eustatic sea level. 

Three types of eustatic changes that cause unconformities 
can be distinguished: (1) rapid falls of eustatic sea level usually 
greater than the rate of subsidence, (2) slower falls of eustatic 
sea level commonly less than the rate of subsidence in basins 
with significant subsidence, and (3) rapid rises of eustatic sea 
level. 

Rapid rates of fall of eastatic sea level are characterized by 
unconformities associated with subaerial exposure on the 
shelf, canyon cutting, submarine erosion, lowstand deltas and 
fans, and shifts in submarine depositional patterns where f:^ns 


and lowstand deltas are absent (Figure 15.13). Slow falls less 
than the rate of subsidence are similar except that the outer 
portion of the shelf may not be subaerially exposed and low- 
stand deltas, fans, and canyon cutting are rare. Marine regres- 
sions commonly underlie these types of unconformities. Rapid 
rises are commonly associated with mai^ne transgressions. 
Basf^I transgressive deposits overlain by local submarine un- 
conformities may be present (Vail and Todd, in press). 

The following paragraphs will describe the stratigraphy 
and facies of the well and seismic line C (Figure 15.5) and 
discuss what may have caused the abrupt changes in deposi- 
tional environments and lithofacies. Seismic line C Is us^ to 
illustrate these changes for the Mesozoic section. Two seismic 
lines shown on Figure 15.14 are used for the Tertiary and 
Cretaceous. 

The first major abrupt vertical change occurs at a uncon- 
formity labeled 189(?) Ma on Figure 15.5. On other seismic 
sections, this unconformity can be traced across the shelf close 
to a well drilled on land near the coastline (Vail and Mitchum, 
1980) where Middle to Late Jurassic elastics overlie the uncon- 
formity and Hettangian-Tri«i$sic continental red beds underlie 
it. These beds are locally truncated. To the south, the uncon- 



FIGURE 15. 12 Compari.wn of eiLstatic .sea-lcvel chan{;e5» determined from the .subsidence history of the northwest African mar>rin with previously 
published estimates for global changes of sea level. 
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FIGURE 15.13 Depositional patterns during tiighstand (a) and 
lowstand (b) of sea level. 


formlty can be traced below a thick salt section. Well data to 
the south show that an interval of shallow-water carbonates, 
anhydrites, and variegated shales, dated by bi( stratigraphy as 
probably Early Jurassic, overlie the salt. Seismic correlations 
indicate that the onlapping reflections between sequence 
boundaries 177 Ma and 189 Ma (on line C, Figure 15.5) cor- 
respond to this interval. The unconformity is believed to cor- 
relate with the basal Sinemurian (189 Ma) unconformity. In 
the area of study, it marks an abrupt change from continental 
rer. beds to a marine section containing salts, anhydrites, and 
carbonates. It is interpreted on the basis of global studies to be 
caused by a rapid fall and rise of eustatio sea level that c 
curred in the Early Sinemurian fbetween the ArieHtes 
bucklandi and Amioceras semicostatum ammonite zones (A . 
Hallam, University of Birmingliam, personal communication, 
1981)]. 

The next abrupt vertical change is best observed on seismic 
data, such as line C, Figures 15.3 and 15.5. It occurs at the se- 
quence boundary labeled 179(?) Ma and is marked by down- 
lap over parallel reflections. The downlap is interpreted as the 


FIGURE 15.14 (a) Seismic line parallel to 
shelf edge, offshore northwest Africa, show- 
ing major erosional patterns in the Early 
Cretaceous and Tertiary, (b) Seismic line per- 
pendicular to the shelf edge, offehore north- 
west Africa, showing major erosional patterns 
in the Tertiary. For sequence designations see 
Figure 15.12. 
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FIGURE 15.15 Offshore northwest Africa 
seismic line showing prograding Callovian 
shelf margin. For sequence d.^ignation:^ see 
Figure 15.12. 


toes of pix rrading clinoforms. The relief of these clinoforms 
indicates upper ba*^hyal paieowater depths. This rx>undar\’ is 
interpreted as an abrupt change from shailow'-water carbon- 
ates, variegated shales, and evaporites to deep-water carbon- 
ate muds. Well da*^*' to tliC south document a change from the 
.shallow-w'ater carbonates and evaporites to massive micritic 
limestones, but no fossils were idenUfied tc verify the deep- 
water interpretation of this interval. The sequence boundar> 
is correlated with the global fall and rise of eustatic sea level 
that occurred within the early part of the Late Pliensbachian 
at 179 Ma. Paleontological data from wells within the area 
were undiagnostic and could only be dated as probably Early 
Jurassic. The rapid deepening and landward shift of the shelf 
edge is believed to be related to the increased rate of sub- 
sidence following the formation of oceanic crust to the west. 

The next major abrupt vertic.. change is well documented 
by wells as a change from Bathonian shelf carbonates to upper 
bathyal Callovian shales. Seismic data show' a continuous 
high-aniplitude reflection on tl.e shelf with evidence of trun- 
cation at the shelf edge. The sequence boundary labeled 156 
Ma on line C (Figure 15.5) indicates the abrupt change from 
carbonate to shale. Landward, tiiis sequence boundary’ can be 
traced on .seismic data below a prograding sequence that is 
verified in a well as Callovian marine shale (F'igure 15.15). 
The relief on the clinoforms, shown on this section, indicates 
water depths of approximately 300 m. The rapid change from 
shallow shelf to upper bathyal water dt pths ( ± 50 to 300 .n) 
from the Bathonian to the Callovian must ha\^e taken place 


early in tne Callovian, since the seismic patterns indicate 
mainly progradation during the Callovian. This w'ater-depth 
change of 250 m probably occurred in not more than 2-4 mil- 
lion years (m.y.), during which time the thermotectonic subsi- 
dence of 23 m/m.y. (Figures 15.6 and 15. 10) w'ould amount to 
45 to 90 m. Between 160 and 200 m of the water-depth change 
must have been caused by a rise of eustatic sea level in 2 m.y. 
to 4 m.y., which requires rates of eustatic rise from 4 to 10 cm 
per 1000 yr and could be much more rapid. 

The next major abrupt vertical change is also well docu- 
mented by well control and occurs between Berriasian shal- 
low-water shelf carbonates and upper bathyal (200-250 m) 
Hauterivian shaie )n the shelf, and between Berriasian deep 
marine micritic carbonates and Valanginian reddish-brow n, 
deep-marine mudstones in the basin. The well on the shelf 
edge encountered a 6.3-m cavern, the base of which was 70 m 
below the top of the Berriasian carbonate. The :equence 
boundary labeled 131 Ma on line C (Figures 15.3 and 15.5) 
marks this change. The Valanginian sequence is shown as a 
slopefront-fill seismic facies pattern seaward of the shelf-edge 
reef encountered in the well. The Valanginian unit (131-126 
Ma) is interpreted as the edge of a lowstand delta diagram- 
matically illustrated in Figure 15.13. It indicates that sea level 
fell below' the shelf edge at the beginning of Valanginian time. 
The karst cavern drilled in the well is also evidence for a sea- 
level fall at thi.s time. Since the thermo ectonic subsidence in 
the Valanginian was 0.99 cm per 1000 years (Figures 15.6 and 
15.10), sea level must have dropped at a greater rate to fall 
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below the shelf edge. The lowest marine shales overlying the 
Berriasian carbonates are dated as Hauterivian. The above 
observations are interpreted as indicating a rapid rise of sea 
level during the Valanginian of at least a few centimeters per 
1000 yr following a fall that exceeded 1 cm per 1000 yr. The 
magnitude of the fall cannot lx* estimated from tliese data, but 
studies from other areas indicate it may approximate 100 m. 
liie water-depth increase over the shelf is approximately 200 
m. The subsidence curves (Figures 15,6 and 15.10) indicate 
that 47 m were due to thermotectonic subsidence and thus 153 
m must be due to eustatics rising at a rate of 3-8 cm/iOOO yr. 
The amount of rise over the upper slope must be added to this 
to obtain the total rise, but it cannot be determined from the 
available data. 

The Hauterivian-Apdan interval consists of a large upward- 
coarsening, prograding delta. A rapid fall and rise of sea level 
within this delta is indicated by a large canyon cut, shown on 
Figure 15.14(a), which is dated as occurring within the Mid- 
Aptian (112 Ma). Upper bathyal Middle Albian shales overly- 
ing the delta indicate a rise in sea level at this time. 

Evident of many other rapid changes of sea level is shown 
in Figure 15.14. Slope-front-fill facies of Late Oligocene- 
Early Miocene (29-16.5 Ma), Late Miocene (9.8 Ma), and 
Late Pliocene (3.8 Ma), together with their underlying uncon- 
formities showing erosional truncation, indicate lowstands. 
Prograding units and their equivalent deep marine draping 
shale, such as the Middle Miocene (16.5-9.8 Ma) and Early- 
Middle Pliocene (6.6-3.8 Ma), indicate highstands. 

The present flooded shelf is believed to be due to subsidence 
following the Miocene uplift associated with the High Atlas 
Mountains. A widespread truncated surface marks the ero- 
sions of tilted beds following that uplift. 


DISCUSSION 

The magnitude of long-term, sea-level changes between the 
Early Cretaceous and the present, as determined from the sub- 
sidence history of a basin offshore northwest Africa, is in line 
with previously published estimates. Values obtained by Hays 
and Pitman (1973) and Pitman (1978) for the Mid-Cretaceous 
from rates of ocean spreading and by Vail and Todd (in press) 
for the Jurassic and earliest Cretaceous are very close to the 
estimates in this paper. They exceed, however, the values ob- 
tained by Watts and Steckler (1979), using a similar method 
based on margin subsidence. 

The models and assumptions used in this study arc tentative 
and require furtlier evaluation and improvements. However, 
repeating this method for a number of passive margins with 
adequate stratigraphic and paleobathymetric control should 
demoastrate trends in the magnitude of long-term eustatic 
.sea-level changes. Short-term changes in sea level can be de- 
termined from detailed studies within a quantified framework 
of subsidence and long-term eustatic sea-level changes. Rates 
of change of the short-term, sea-level fluctuativjns may be 
readily determined in areas with detailed age and paleo- 
bathymetric control. The magnitude of short-term, sea -level 
changes is much more difficult to estimate. 
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INTRODUCTION 

Climates of the Tertiary period have been more thoroughly 
studied and discussed than those of any pre-Quatemary inter- 
val. Despite this seeming wealth of data (or perhaps because of 
such wealth), many researchers have arrived at differing conclu- 
sions about both the intensity of warm intervals and tempera- 
ture fluctuations during the Tertiary. Some of the differences are 
related to sampling at widely spaced stratigraphic intervals, im- 
precise correlations of samples, and/or the use of different 
techniques to arrive at paleotemperature estimates. These prob- 
lems are greatly intensified in attempting to relate marine and 
nonmarine trends; to overcome one or more of these problems, 
our discussion will concentrate on two geographic regions. 


PALEOGENE OF THE ATLANTIC BASIN 

The Paleogene of the Mississippi embayment of southeastern 
North America contains an extensive sequence of land floras. 
These flora were, for the most part, included by Berry (1916) 
in his Wilcox flora” and were thus considered by him to be ap- 


proximately synchronous. Work by many other stratigraphers 
in recent decades has demonstrated that Berry s “Wilcox flora” 
was based on material from rocks of early Pale*xjene through 
late Eocene Age. 

These Mississippi embayment floras all represent lowland 
vegetation, and thus the altitudinal variations that can affect 
analysis of floras in continental interiors are negated. In turn, 
the data on land floras can be related to paleoclimatic models 
based on data from deep-sea sediments in the North Atlantic. 
Reliance on data from the North Atlantic and its borderlands 
also has the advantage that this region has had a simple and 
well understood plate- tectonic history during the Tertiary in 
comparison with that of many other regions, and thus paleo- 
latitudes are well known. 

The interpretation of climatic change during the Paleogene 
in the North Atlantic is based both on paleontological evidence 
and on isotopic data (Figure 16.1). The paleontological inter- 
pretations largely follow previously published data (Haq and 
Lohmann, 1976; Haq et al., 1977), which involve recognizing 
distinctive latitudinally zoned nannofossil assemblages and 
tracing the latitudinal migrations of these assemblages through 
time. However, an exception is our interpretation of the mid- 
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INFERRED MEAN ANNUAL TEMPERATURE f°C) FOR 
LAND FLORAS 


FIGURE 16.1 Comparison of temperature trends in the North At- 
lantic Paleogene with inferred temperatures of Paleocene and Eocene 
land floras from the Mississippi embayment. Extent of bars indicates 
possible age range of land floras in terms of planktonic time scale. 

die Eocene Discoaster assemblage (Haq et al., 1977) as repre- 
senting low- rather than middle-latitude climate. Our inter- 
pretation is in accord with the isotopic record from tlie Deep 
Sea Drilling Project (DSDP) site 398 (Vergnaud-Graz 2 dni, 
1979); data on the early Paleocene climate is also based largely 
on somewhat meager isotopic records. 

Interpretations of tlie land floras are based primarily on 
physiognomic analyses of assemblages (Wolfe, 1971, 1978). 
Such interpretations re.'y on the present observed correlation 
between the physical features of leaf assemblages and particu- 
lar climatic regimes rather than on the identification of partic- 
ular taxa in fossil assemblages and tlie present distribution of 
related taxa. 

The marine and nonmahne records are, overall, strikingly 
similar in the timing of major temperature fluctuations during 
the Paleocene and Eocene. Marked warm intervals occurred in 
the early Paleocene, latest Paleocene-early Eocene, late mid- 
dle Eocene, and latest Eocene. Note that our biostratigraphic 
and radiometric calibrations indicate that a major decrease in 
mean annual temperature occurred at about 39 million years 
ago (Ma); we suggest that the ^'terminal Eocene** cooling of 
some workers (e.g., Thierstein and Berger. 1978) is in fact this 
major cooling within the late Eocene. The subsequent latest 
Eocene warm intervals were also followed by a major cooling 
event following the Eocene-Oligocene boundary (34-35 Ma) 
that led to temperature^i cooler than any known in the Eocene. 


The Mississippi embayment sequence is not known to contain 
land floras of early Oiigocene age; however, sequei*cts of ra- 
diometrically dated floras in western North America doc- 
ument this cooling event (Wolfe, 1971). The event a» the 
Eocene-Oligocene boundary is particularly pronounced on 
land because the event was characterized by both a niajoi Gr- 
crease in mean annual temperature and a major increase in 
mean annual range of temperature (Wolfe, 1978). 

The degree of warmth indicated for the Paleogene has been 
much discussed; although the consensus is that all the Paleo- 
cene and Eocene was warmer than present, some workers con- 
sider that the level of warmth was only moderately higher than 
now and that the highly equable climates were the primary 
factor in allowing the poleward excursions of tropical and sub- 
tropical organisms (e.g., Axelrod and Bailey, 1969). Our data 
indicate that, during warm intervals in the Eocene, mid-lati- 
tude temperatures were significantly higher than today. Trop- 
ical-subtropical nannoplankton assemblages in the North 
Atlantic that are the analogs of the Paleogene tropica! subtrop- 
ical assemblages are now confined to latitudes 25-28'' N. Dur- 
ing times of the Paleocene and Eocene, tropical-subtropical 
species form a significant part of nannoplankton assemblages 
far poleward of 30° N. 

The early Eocene appears to represent the warmest part of the 
Tertiary. The marine record in the North Atlantic, as well as 
elsewhere, indicates that the most poleward (50-55° N) excur- 
sion of low-latitude assemblages occurred at this time; the tropi- 
cal-subtropical belt may have been double its present latitudinal 
extent. Data from land plants a.*c also indicative of a major ex- 
pansion of tropical climates (i.e., mean annual temperature 
~25°C)— climates that are currently found within 20-25° 
of latitude from the equator. The Mississippi embayment floras 
that occur as far north as 36° latitude are tropical during the 
warm intervals of the early and middle Eocene. Floras from the 
west coast of North America were, during the late middle 
Eocene, tropical to north of latitude 40-45° (Wolfe, 1978); latest 
Eocene floras indicate paratropical climate at these latitudes. 
Note that extratropical latest Eocene planktonic foraminiferal 
assemblages are associated with paratropical land floras in the 
Pacific Northwest. Tims the juxtaposition of relatively warm 
land climates with relatively cool marine conditions character- 
istic of the U.S. Pacific margin today was established in the late 
Eocene. 

On the Gulf of Alaska borderlands (60° N), land floras indi- 
cating mean annual temperatures as high as 22°C were thought 
to be of middle Eocene age based on provincial correlations by 
marine mollusks (Wolfe, 1977). In the planktonic chronology, 
however, these Alaskan paratropical floras and the associated 
mollusks are early Eocene, and other Alaskan floras referable 
to the late middle Eocene, although indicative of considerable 
warmth, represent cooler conditions than the early Eocene 
floras. Similarly, planktonic foraminiferal and nannoplank- 
ton assemblages from early Eocene rocks of the eastern Gulf of 
Alaska *^ntain a major low-latitude component (Poore and 
Bukry, 1979). Early Eocene floras from Ellesmere Island cer- 
tainly represent mean annual temperature in excess of 3°C, 
i.e., at least 22°G higher than today (L. J. Hickey, Smith- 
sonian Institution, personal communication). 
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In combination with significantly higher mean annual tem- 
peratures during parts of the Eocene, mean annual range of 
temperature and latitudinal temperature gradients were les<‘. 
Western Washington, which today has mean annual ranges of 
temperature of 11-17°C, had a mean annual range of temper- 
ature as low as 4-5® C during the Eocene (Wolfe, 1978). The 
latitudinal temperature gr adient from middle to high lati- 
tudes along western North America was about half the present 
gradient. 

Not only were Eocene temperatures at middle to high lati- 
tudes significantly different than present temperatures, pre- 
cipitation patterns were different. Areas of the western United 
States that now experience summer drought have Eocene 
floras that indicate abundant precipitation throughout the 
year. In contrast, the Paleogene floras from the Mississippi em- 
bayment — a region that now has abundant precipitation dis- 
tributed throughout the year— exhibit a trend from tropical 
moist to tropical dry climate. 

The temperature fluctuations indicated by our analysis of 
the North Atlantic marine record are difficult to quantify, but 
the latitudinal differences between the occurrences of tropical- 
subtropical assemblages indicate fluctuations in mean annual 
temperature of at least 10-15®C at high middle latitudes; these 
fluctuations were, thus, at least as great as modern seasonal 
fluctuations. No fluctuations are observable at low latitudes, 
i.e., the present tropical belt was always tropical during the 
Paleogene. Wolfe (1978) has suggested that the land floras 
from middle latitudes indicate fluctuations in mean annual 
temperatures of about 7®C. 

The elevated temperatures suggested for Paleogene warm 
intervals concommitant with the major temperature fluctua- 
tions are difficult to explain by purely geographic or meteoro- 
logic*'! mechanisms endemic to th^ Earth. That is, low lati- 
tudes were consistently tropical, and high latitudes were at the 
same times significantly warmer; redistribution of heat to 
warm high latitudes should produce cooling at low latitudes, 
no matter what mechanisms resulted in redistribution. Geo- 
graphic factors (e.g., the circumglobal circulation at low lati- 
tudes, generally lower altitudes of the continents, and greater 
extent than now of epicontinental seas) could have produced 
the somewhat elevated global temperature of the cool intervals 
during the Paleocene and Eocene compared with the global 
temperature today, but the high levels of warmth during, for 
example, the early Eocene cannot be so readily explained. 

Re-expansion of low-latitude planktonic assemblages dur- 
ing the latest Eocene indicates a renewed warning, but these 
assemblages did not reach pokward as far as during warm in- 
tervals earlier in the Paleogene. Land-plant data from western 
North America also indicate that the latest Eocene warm inter- 
val (Kummerian Stage) was not so warm as previous warm in- 
tervals (Wolfe, 1978). This renewed warming ^vas followed by 
a cooling that, for much of the Oligocene, resulted in low-lati- 
tude planktonic assemblage^ being restricted to about their 
present latitudes. The land floras that followed this terminal 
Eocene cooling indicate that not only was mean annual tem- 
perature on land significantly lowered, mean annual range of 
temperature dramatically increased to values even higher than 
today at middle and high latitudes of western North America 


(Wolfe, 1978) . By the end of the Oligocene ^ some warming had 
occurred, as indicated both by planktonic microfossil and iso- 
topic data from the North Atlantic and land floras in western 
North America. 


NEOGENE RECORD OF THE 
NORTHEASTERN PACIFIC 

Interpretations of temperature changes in the northeastern Pa- 
cific (Figure 16.2) during the Miocene and Pliocene are based 
on a variety of data. These include the varying latitudinal dis- 
tributions of assemblages of calcareous nannoplankton, dia- 
toms, silicoflagellates, and planktonic foraminifers from 
DSDP Legs 18 and 63 (Ingle, 1973; Barron, 1981; Bukry, 
1981; Poore, 1981). We have also used isotopic data on benthic 
foraminifers from DSDP Site 289 [Cenozoic Paleo-oceanog- 
iaphy Research Project (CENOP), unpublished data] to aid 
and supplement interpretations based on marine floras and 
faunas. The isotopic data presumably monitor intermediate 
waters at this site (Ontong Java Plateau) and thus, in part, 
mid- to high-latitude surface-water temperatures. Our inter- 
pretations of the marine record can be compared with analy- 
ses, again largely physiognomic, of land floras from the Pacific 
Northwest (Wolfe, in press) and Alaska (Wolfe and Tanai, 
1980). 

Temperature trends for the oceans during the early Miocene 
are problematic, primarily because of the lack of adequate 
time control. Meager isotopic data from Site 289 and elsewhere 
indicate that the early Miocene may have been somewhat 
cooler than the early part of the middle Miocene. What is not 
known is the warmth of the early Miocene relative to the late 
Oligocene. On land, the early Miocene (early Seldovian Age) 
floras are of cooler aspect than those of the middle Miocene as 
well as those of the late Oligocene. Age control on these floras, 
however, is uncertain relative to the planktonic time scale. 

The late part of the early Miocene and the early part of the 
middle Miocene has generally been regarded as the warmest 
interval of the Neogene, although not so warm as any part of 
the Paleocene or Eocene. This warm interval is clearly recorded 
in deep-sea records in the northeastern Pacific. Following 
planktonic foraminiferal zone Nil, a cooling trend set in that 
continued through the end of the Neogene, although some 
minor warmings of short duration occurred during the late 
Miocene. The youngest marked late Miocene warming at 8 Ma 
was followed by a gradual cooling; minor warm intervals oc- 
curred in the early Pliocene and in the early Pleistocene. 

Whether the late Miocene through early Pleistocene tempera- 
ture fluctuations seen in the northeastern Pacific represent 
worldwide climatic events is difficult to ascertain. At least some 
of these fluctuations may relate to changing current patterns in 
the northeastern Pacific, including changes in the intensity of 
upwelling — an indication that at least some of the late Miocene 
fluctuations may not represent global events in Haq s (Chapter 
13) data on Miocene nannoplankton assemblages from the i^t- 
1 antic. The latitudinal distribution of these assemblages indi- 
cates that apparently only one significant warming occurred 
during the late Miocene rather than the three that occurred in 
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LAND FLORAS 

FIGURE 16.2 Comparison of temperature trends in the North- 
eastern Pacific middle Miocene through Pliocene with inferred tem- 
peratures of land floras. 

the northeastern Pacific. Haq’s data, however, match tlie Pa- 
cific record in showing a latest Miocene cool event followed by a 
renewed warming into the early Pliocene. 

In general, the land-plant record from the Neogene of the 
northeastern Pacific margin compares well with the deep-sea 
record: a temperature high in the middle Miocene (floras ra- 
diometrically dated at 17-15 Ma; followed by cooling, a slight 


renewed warming at about 8 Ma, and followed by a cooling at 
about 5 Ma. The land floras, however, also furnish important 
data on two other climatic factors. 

First, in this region equability has clearly increased during 
the Oligocene and Neogene from the highly inequable temper- 
ature regime of the early Oligocene. At latitude 60° N, the in- 
crease in equabiiity has largely resulted from a decline in sum- 
mer temperatures (a decrease of about 9°C in the mean of the 
warm month), and at latitude 45° N summer temperature has 
decreased concommitant with an increase in winter tempera- 
ture. The decline of summer temperature at higher latitudes 
must have been a major factor in the initiation of widespread 
northern hemisphere glaciation during the late Cenozoic. 

The trends of temperature changes at various latitudes have 
also resulted in an increase in latitudinal temperature gradi- 
ents. In turn, the effect of this increase may have been to inten- 
sify the subtropical high-pressure systems that are largely re- 
sponsib. ^or summer drought along the west coasts of the con- 
tinents. The land floras from western United States definitely 
record a shift from a regime in which much of the precipitation 
was received during the summer to a regime of summer 
drought even in coastal areas. 

The temperature fluctuations in the marine record du’ ing 
the late Miocene and Pliocene do not appear to be so significant 
as those in the Paleocene and Eocene. The Neogene fluctua- 
tions may represent changes in mean annual temperature of as 
much as 5°C for marine water at middle latitudes. This condi- 
tion probably results from intensification of a well-defined and 
relatively stable eastern boundary current system — the Cali- 
fornia current— sometime in the late middle Miocene. This 
area of the northeastern Pacific exhibited great stability during 
the Quaternary, as evidenced by comparison of sea -surface 
temperatures at the last glacial maximum (18,000 yr ago) and 
today (CLIMAP Project Members, 1976, Figure 2). The land 
floras, however, do not indicate as much fluctuation of mean 
annual temperature; changes in this parameter at middle lati- 
tudes appear to be no more than 1-2°C. 


SUMMARY 

Paleotemperature trends interpreted from deep-sea marine 
organisms and from land floras are generally similar to one 
another, both in the timing and direction of changes. Both 
groups of organisms indicate that a thermal maximum oc- 
curred in the early Eocene and that major fluctuations in mean 
annual temperature occurred during the Paleogene. The land 
floras also indicate that mean annual range of temperature was 
low during the Paleocene and Eocene (i.e., a low seasonal con- 
trast of temperature), although mean annual range increased to 
values greater than present by the Oligocene. Following a 
middle-Miocene warm interval, m*ian annual temperatures 
overall have decreased in exLratropical areas, although this 
trend was interrupted by some minor reversals. The land floras 
indicate that, duiing tlie Neogene, the seasonal contrast of 
temperatures has decreased. Latitudinal temperature gradients 
were low during the Paleocene and Eocene and increased to 
their present values during the Neogene. 
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Precipitation patterns derived from studies of land floras in- 
dicate that an increasing drying trend occurred in southeastern 
North America during the Pal eocene and Eocene; at the same 
time, western North America appears to have received abun- 
dant precipitation throughout the year. In the Oligocene and 
earlier half of the Miocene, western North America appears to 
have had abundant summer precipitation, but during the later 
Neogene summer precipitation decreased. 
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INTRODUCTION 

All the reliable evidence that we can muster points strongly to 
the conclusion that the Jurassic climate was appreciably more 
equable than that of the present day, with tropical-subtropical 
conditions extending far into the present temperate belts and 
temperate conditions occurring in polar regions. There is no 
evidence of polar ice caps, and, at least partly for this reason, 
the ocean surface stood at a higher level with respect to the om- 
tinents. This in itself must have contributed to the higher equa- 
bility of continental climates. In addition, there appears to 
have been in general more extensive aridity on the continents 
whose distribution was, of course, appreciably different from 
that of today. 

Unfortunately, with the present state of knowledge it is diffi- 
cult to go beyond broad qualitative statements. For the Juras- 
sic, we are denied the excellent information of oceanic surface- 
and bottom -water temperatures obtained from oxygen isotope 
analysis of microfossils in deep-sea drilling cores of Cretaceous 
and Cenozoic strata. Furthermore Jurassic fossils have been 
extinct too long to have close mod/ /n relatives whose climatic 
tolerances are precisely known. In the following sections of this 


paper the principal climatic criteria are briefly outlined and 
the evidence for climatic changes through space and time dis- 
cussed. A fuller account of some topics, with additional refer- 
ences, is given by Hallam (1975). 


:^LIMATIC CRITERIA 

By far the best climatic indicators among sedimentary rocks 
found in the Jurassic are evaporites and coals (Frakes, 19V9). 
Substantial deposits of evaporites (notably gypsum, anhydrite, 
and halite) indicate conditions of both warmth and aridi y, 
whereas coals indicate sw ampy conditions in generally hunr id 
regimes, though there is no pardcular temperature connota- 
tion. On the other hand, the abundance and extent of deposi- 
tion of limestones is not particularly reliable. In particular, the 
greater spread of limestone facies in the late Jurassic, far from 
signifying increased temperature, is probably no more than a 
consequence of the greater extent of epicontinental seas at that 
time (Hallam, 1975). 

Laterites and bauxites have been widely considered to be 
good indicators of humidity, because of the intensity of chemi- 
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cal weathering required for their formation. However, in 
southern Israel there is a horizon of reworked laterites, include 
ing pisolitic conglomerates, sandwicheci between evaporite- 
bearing Upper Triassic and Lower Jurassic deposits and attrib- 
uted to the basal Jurassic. Following the development of a 
karstic surface after an episode of regression, leading to the 
subaerial exposure of hypersaline mud flats, so-called flint 
clays were generated by chemical weathering in the vadose 
zone (Goldbery, 1979). Whereas swampy conditions might 
have occurred locally, no drastic regional increase of humidity 
after the late Triassic, followed by a return to aridity, appar- 
ently needs tc be invoked. 

Aeolian sandstones with large-scale dune cross bedding 
should be good indicators of desert conditions, but doubt has 
been thrown on the aeolian origin of at least part of the well- 
known Lower Jurassic Navajo Sandstone of the Rocky Moun- 
tain states. Stanley et al, (1971) recorded ripple-marked and 
wavy-bedded horizons, shale seams associated with wide- 
spread truncation planes, and dolomitic carbonate lenses, sug- 
gesting a subaqueous origin for the deposits containing them. 
Some fossil organisms are good temperature indicators, nota- 
bly hermatypic corals in marine and ferns in terrestrial depos- 
its. Reef-building corals suggest a minimum water tempera- 
ture of about 20^ C, and there are abundant Jurassic ferns 
whose living relatives cannot tolerate frost. The occurrence of 
genera or, better, species of a wide variety of organisms over a 
broad range of latitude is in itself a strong argument for cli- 
matic equability. 

Considerable attention has been paid to oxygen isotope 
paleotemperature determinations on Jurassic belemnites ob- 
tained from rocks currently exposed on the continents. There is 
such a wide disparity in the results of various workers, how- 
ever, presumably as a consequence of significant postde- 
positional alteration, that I have argued at some length that 
they contribute little to a further understanding of Jurassic cli- 
mates (Hallam, 1975). Unfortunately, there is only a negligi- 
ble record of Jurassic microfossils in deep-sea drilling cores, 
from which one might expect to obtain more reliable results. 


CLIMATIC CHANGES IN SPACE 

The fact that rich Jurassic terrestrial fern and gymnosperm flo- 
ras are known from both polar regioas is a strong argument in 
favor of general warmth and equability , and this is strongly 
supported by the wide distribution of fern genera whose mod- 
ern relatives are intolerant of cold (Barnard, 1973). Thus the 
basal Jurassic Dictyophyllum ranges from 50® N to 60® S, and 
a number of Middle Jurassic genera are almost as widespread, 
from 40® N tc 50® S. These distributions imply a tropical-.sub- 
tropical climate extending far beyond the present limits. Ac- 
cording to Vakhrameev (1964), the plant record indicates that 
winter temperatures in Siberia probably never fell below 0®C. 
Equability' is also indicated by the wide latitudinal range of 
la»*gc reptiles (Colbert, 1964) and ceratodontid lungfishes. The 
latter, whose living relatives are confined to the tropical-sub- 
tropical zone, are more or less worldwide in distribution 
(Schaeffer, 1971). 


If the continents enjoyed a warm, equable climate, the same 
should be true of the marine realm; and indeed the majority of 
invertebrate genera are cosmopolitan in distribution. While 
substantial carbonate buildups partly composed of corals are 
confined to deposits in what are inferred on palaeomagnetic 
grounds to have been low latitudes, such as the Pliensbachian 
of Morocco, the Oxfordian of the Swiss Jura and southern Po- 
land, and the Bajocian and Oxfordian of the Paris Basin (Fig- 
ures 17.1 and 17.2), reef-building corals are also found as far as 
60® N paleolatitude, in Sakhalin, some 30® beyond the present 
limits (Beauvais, 1973). The absence of such corals from com- 
parably high latitudes in the North Atlantic region and south- 
ern hemisphere is quite probably due to factors other than low 
temperature. 

The bivalves are instructive to study, both because they are 
the most abundant and diverse macroinvertebrate group in the 
Jurassic and because they include many extant families and 
even genera whose climatic *^ilerance is well known. In marked 
contrast to the present-da> situation, there is no sharp reduc- 
tion in diversity with increasing latitude, and many genera 
and even some species have a wide latitudinal range. A partic- 
ularly good example is provided by the pectinid genus Weyh^ 
largely confined to the eastern Pacific margins, with the same 
species extending all che way from Chile to southern Alaska. 
The best candidates for a stenothermal tropical group, re- 
stricted to a belt within 30® of the Jurassic equator, are a mi- 
nority of thick -shelled genera including rudists (Hallam, 
1977) . There is also 'i group of distinctive foraminifera more or 
less confined to the zone of the Tethys and thought to be a 
stenothermal tropical group (Gordon, 1970). 

There has been considerable controversy about the environ- 
mental cause of the Tethyan and Boreal provinciality exhib- 
ited by ammonites and belemnites, with the Boreal Realm (or 
siiperprovince) being confined to the northern part of the 
nortnern hemisphere. The majority opinion is that ambient 



FIGURE 17.1 Distribution of evaporites (E), coals (C), and major 
coral reefs (R) for the Lower and Middle Jurassic. Broken line 
signifies approximate position of equator. 
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FIGURE 17.2 Distribution of evaporite, coals» and major coral 
reefs for the Upper Jurassic. Symbols as in Figure 17.1. 


temperature was the primary control, but there are difficulties 
v/ith such a simple interpretation. One of the most important 
objections is that a drastic change from one faunal realm . / the 
other may take place within a mere degree cl latitude, yet the 
evidence of the climatically more sensitive plants indicates 
strongly that latitudinal temperature gradients were much 
more modest than today. It seems necessary to invoke a com* 
plex of factors, including paleogeographic configurations, en- 
vironmental stability, and perhaps such latitudinally related 
factors ai changing patterns of diurnal illumination and con- 
stancy of food resources throughout the year (Hallam, 1975). 
Climate is unlikely to have been the dominant control in all 
events. 

With regard tc the distribution of arid and humid belts, the 
best evidence \^mes from evaporite and coal deposits (F igures 
17.1 and 17.2). According to Gordon (1975), evaporites range 
between 45"^ N and 45® S, but the deposits are concentrated in 
a narrower zone 10-20® from the palaeoequator. Nearly all of 
the evaporites are confined to the western parts of Laurasia 
and Gondwana. Among the more substantial deposits in North 
America are the Lower Lias Argo Salt of the Scotia Shelf and 
the probably Middle Jurassic Louann Salt and equivalenrs 
around the margins of the Gulf of Mexico, while important de- 
posit (?ypsum and anhydrite occur in the Bajocian, Callo- 
vian, and Oxfordian of ihe United States Western interior. 
There are also evaporites in the Andean Jurassic, in the 
Oxfordian and Kimmeridgian of northern Chile. Turning to 
the Old World, there are thick sequences of pre-Bathonian 
evaporites around the northwestern, northern, and eastern 
margins of Africa and in the Jurassic of the southern U.S.S.R., 
southern Iran, and Arabia (Hallam, 1975; Leeder and Zeidan, 
1977). Thinner deposits occur also in the basal and late Jurassic 
of wes*^ern, southern, and central Europe. 

By far the most abundant coal measures occur over a wide 
area of the Soviet Union, e;;peciaily in the Lower and Middle 
Jura.ssic, and there are also important Lower Jurassic coals in 
eastern Aastralia. In Europe thin Lower J urassic coal beds are 
known in the so-called Gresten facies of northern Austria and 


the Mecsek Mountains of Hungary, aho in the basal Liassic of 
southern Scandinavia and the Middle J urassic of the northern 
North Sea. In the New World, coah. are much rarer, but thin 
coal seams occur in the Lower and Middle Jurassic of southern 
Mexico as well as in the Upper Jurassic of Montana, the Dako- 
tas, All^erta, and British Columbia (Jansa, 1972). 

The overall geographic distribution of evaporites and coals 
bears quite a close resemblance to that of the Triassic, and so 
Robinson's (1971) inference of a western arid belt and two east- 
ern humid belts seems to apply also to the Jurassic. Hence 
Robinson's climatic model is relevant. She suggests that winds 
reaching the eastern parts of Laurasia and Gondwana, on either 
side of the Tethyan Ocean, might have brought monsoon-type 
summer rains to areas of middle and low latitude, while a dry, 
hot season would occur in winter as winds blew offshore. The 
central and western parts of the two supercontinents would 
have tended to have a much less humid climate because the 
dominant easterly winds would have traveled over land for a 
considerable distance or, blowing toward the equator without 
the intervention of mountains, could not readily have jettisoned 
their moisture. Coal occurrence is largely restricted to the 
eastern, peninsular parts of the landmasses in middle to high 
latitudes, where the temperature was more and the rainfall less 
strictly seasonal. It is worth adding that coals form less readily 
in the tropical than in the temperate zone (Frakes, 1979). 


CLIMATIC CHANGES THROUGH TIME 

There is no convincing evidence of any notable global temper- 
ature change through the course of the Jurassic. The best evi- 
dence available concerns the areal distribution of terrestrial 
plant provinces in F urasia. Vakhrameev (1964) drew' a bound- 
ary between a northern, possibly temperate, Siberian Province 
and a southern, presumed subtropical, Indo-European Pro- 
vince. He detected a slight northward shift of this boundary 
from the early to the mid Jurassic and an appreciably greater 
northward shift from the mid to the late Jurassic (Figure 17.3). 
The implied slight warming trend through the period con- 
tinues into the Cretaf^ous. 



FIGURE 17.3 The shift in the boundary of the Indo-European 
and Siberian floral provinces in Eurasia from the early (1) and mid 
(2) to late (3) Jurassic. Adapted from Vakhrameev (1964). 
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More cen besaid about humidity-aridit>' distribution. From 
the greater spi ead of evaporite facies in the late Jurassic, for in- 
stance into Chile and the southern parts of the Soviet Union, 
Frakes (1979) inferred an overall trend toward a drier climate 
from early in the period. This is confirmed by the occurrence of 
xerophytic plants in the late Jurassic of the latter area (Vakhra- 
meev, 1964). However, the regional picture may be more com- 
plicated. Thus, in Israel the Lower Jurassic contains evapo- 
rites, while the Middle and Upper Jurassic contains coals, so 
that the climatic trend through time is inferred by Goldberg 
and Friedman (1974) to have been the reverse of what is assumed 
to be the general picture. Yet there are abundant late Jurassic 
evaporites in southern Europe and the Middle East. Goldberg 
and Friedman stressed the importance of regional climatic 
change and draw an analogy with the Gulf of Mexico margins. 
In southern Texas, for instance, a dry climate is recorded by 
gypsum deposits in the Laguna Madre, whereas the moister 
climate of Louisiana is reflected by salt-marsh deposits. Per- 
haps local swampy conditions in an area of moderately dry 
climate can promote the formation of thin coals, in which case 
the validity of coal distribution as a climatic indicator needs to 
be more closely investigated. 

Frakes (1979) argued for a continuation of the global trend 
toward greater aridity into the Cretaceous. Yet evaporite- 
bearing deposits in the Jurassic of the western interior of the 
United States are succeeded by coal-bearing deposits in the 
Lower Cretaceous. On the other hand, the facies change from 
the Upper Triassic to the Lower Jurassic in western Europe 
supports Frakes^s postulation of a global change toward in- 
creased humidity. Thus the Keuper red beds contain evapo- 
rites and a suite of clay minerals, in which kaolinite is absent, 
suggestive of postdepositional magnesium enrichment in 
hypersaline water (Jeans, 1978). Substantial quantities of kao- 
linite, suggesting intensive leaching on a land experiencing a 
warm, humid climate, first appear in the topmost Triassic 
(Rhaetian) marginal marine deposits and continue into the 
Lias (Will, 1969). A humid climate is confirmed by the occur- 
rence in northern Europe of Rhaeto-Liassic plant beds includ- 
ing coals and perhaps also by the more widespread occurrence 
of Liassic ironstones (Hall am, 1975). 

With regard to the oceans, much interest has Ijeen provoked 
by Fischer and Arthurs (1977) model of cyclic alternations, 
lasting about 32 million years and ranging back to the Triassic, 
between what they term polytaxic and oligotaxic episodes. 
Polytaxic episodes are characterized by high organic diversity, 
higher and more uniform oceanic temperatures, with continu- 
ous pelagic deposition, widespread marine anoxicity, and eusta- 
tic sea-level rises. In contrast, oligotaxic episodes, such as at pres- 
ent, are characterized by lower marine temperatures with more 
pronounced latitudinal sedimentation, marine regression, and a 
lack of anoxicity. During polytaxic episodes, warm, globally 
equable climates result in reduced oceanic convection, causing 
expansion ani intensification of the oxygen minimum layer, 
while colder climatic intervals give rise to increased circulation 
rates and better oxygenation of ocean waters. 

Whereas tliere may well be some merit in the Fischer and Ar- 
thur model for the Cretaceous and Cenozoic, for which we have 
an ample record from deep-ocean ceres, the evidence they cite 


for the Jurassic, such as oxygen isotope data from belemnites, is 
dubious, and I voe no grounds for their invocation of an oligo- 
taxic episode in Jthonian-Callovian times. I am rather inclined 
to believe that the wholp of ti\e Jurassic was a polytaxic episode, 
at least with regard to climate and oceanic circulation. 


CONCLUDING REMARKS 

Perhaps the greatest advance in the future will come from pa- 
leoclimatic modeling of the typ>e outlined by Gates (Chapter 
2). The geographic location of the continents and oceans is 
accurately known, and reasonably accurate estimates can be 
made of the spread of epicontinental seas, which toward the 
end of the period was much gieatpr than today. A fair approxi- 
mation to mean annual temperature distributions in different 
zones of latitude can be achieved by utilizing data on fossil dis- 
tributions, though it may prove more difficult to quantify tem- 
perature, seasonality, and rainfall. Reasonable estimates can 
also be made about the location of mountain belts. 

One of the questions of most obvious interest is the extent to 
which the climatically equable world of the Jurassic, with its 
eastern humid and western arid belts, is a function primarily of 
the different geography of the time, compared with today. In 
addition, it would be instructive to enquire into the climatic ef- 
fects of a more or less progressive rise of sea level through most 
of the period, with a concomitant flooding of continental low- 
lands and the creation of a continuous, low-latitude oceanic 
girdle in the latter part of the period following opening of the 
oldest, central sector of the Atlantic. 
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INTRODUCTION 

The calcium carbonate- water oxygen isotope geothermome- 
ter has become the most widely applied quantitative tool for 
estimating ancient ocean temperatures and has been applied 
increasingly often to studies of paleoclimate and paleo-ocean- 
ography. For many years the greatest impact of isotope paleo- 
climatology on geologic thinking was in studies of the 
Quaternary period. More recently, analyse;^ of marine car- 
bonates of Tertiary and late Mesozoic age have permitted re- 
finement cf our knowledge of marine temperatures during 
^he past 100 million years (m.y.). This quantification of pre- 
rleistocene marine climates has been especially timely, as it 
evolved when our growing understanding of plate motions 
and resultant changing oceanic geometry, and of sea levels, 
has encouraged the development of theories to explain the 
causes of climatic change. Sufficient data soon will be avail- 
able to provide boundary conditions for mathematical mo- 
dels of atmospheric circulation, at least during Neogene time. 

With progressively older sediments, the occurrence of car- 
bonate material suitably preserved for oxygen isotope paleo- 
temperature studies becomes increasingly scarce. The detailed 


and quantitative paleotemperature records that have been re- 
constructed for Tertiary and late Cretaceous time cannot be en 
visaged for prc-Cretaceoas time with samples nou v ailable or 
likely to become available. In addition, paleoclimatic informa- 
tion from norisotopic sources becomes more difficult to obtain 
as we proceed backward through the geologic record and 
knowledge of climatic history becomes correspondingly poorer. 
Hence, while the kinds of paleoclimatic information obtainable 
using isotopic techniques becomes increasingly imprecise as we 
pro<x*ed back through time, the important questioas about the 
climate of those earlier times can be meaningfully answered 
with less precisely interpretable data. For these earlier times, 
other isotope paleoclimatic tediniques, in addition to the cal- 
cium carbonate- water paleothermometer, become useful. Most 
notable of tliese so far has been the paleoclimatic interpretation 
of the oxygen (and hydrogen) isotopic compositions of cherts. 
Some isotopic methods can provide information about terres- 
trial climates. In this paper the calcium carbonate- water paleo- 
thermometer and the climatic record it has yielded are re- 
viewed. Other isotopic techniques that have provided, or that 
have the potential to provide, useful paleoclimatic data are 
also discussed. 
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THE CALCIUM CARBONATE-WATER 
PALEOTHERMOMETER AND 
MARINE PALEOCLIMATES 

The use of the ca!v’um carbonate-water isotope paleother- 
morr.“ter has been re\ iewed many ♦^imes since the technique 
was propcKed by Urey (1947) and developed and applied by 
Epstein et al. (1951) and Urey ef aL (1951). Critical reviews 
and discussions of various aspects of the method include those 
by Craig (1965), Sov. en (1966), Teis and Naidin (1973), Savin 
and Stehli (1974), Hecht (1976), Hudson (1977), Savin (1977), 
and Berger (1979). The basic priiwiples are straightforward. If 
calcium carbonate is deposited in isotopic equilibrium with 
seaw^atei tlie difference between tlie ratio of the car- 

bonate and th?t ol the seaw ater is strictly a function of temper- 
ature. If the temperature dependence of that difference has 
been calibrated, if the ratio of the seaw'ater can oe 

estimated, and if the ratio of the carbonate has ..ot 

been altered since fo~mation, the temperature cf carboiiate 
deposition can be calculated. It is this calcuiated temp)erature 
that is referred to as an isotopic temperature. 

In practice, uncertainties are encounte-ed when the isotopic 
paleotemperature method is applied to the study of m^^rine 
carbonates. These uncertainties, discussed in the reviews 
mentioned above, lead to ambiguities in relating isotopic tem- 
peratures to climaticaliy meaningful temperatures at specific 
v^calities and depths within the water column. Somewhat less 
unceilaintv' is entailed in estimating thi w ater-temperature 
changes than in estimating absolute values of w ater temperature. 

The most successful applications of isotope paleoclimatol- 
og>' have been in the stud>’ of foraminifera from deep-sea sedi- 
ments. An assumption in most of these studies has been that 
plenktonic foraminifera deposit their tests in isotopic equili- 
brium with seawater. Although there is some indication that 
this is not alw ays completely tiue (var Donk, 1970; Shackleton 
ei al., 1973: Grazzini, i976: Williams et al., 1977), it seems a 
sufficiently close approximation to reality' that for most pur- 
pores it can be taken as if true. Most taxa of benthic foramin- 
ifera clearly show dep .rtures from isotopic equilibrium 
(Duplessv’ et al. , 1970: Woodruff et al. , 1980). Departures may 
be as great as 1 per mil or more. Fortunately, departures from 
equilibrium may be taken as approximately (but not exactly) 
constant for a species, and isotopic compositions may therefore 
be interpreted in terms of temperatures. 

Tfie ratio of water in which foraminifera grew 

must always be estimated. To a first approximation the open 
oceans an be taken to be w ell mixed and, hence, their isotopic 
comp tioas to be coastant through at least Phanerozoic time 
and th. agh space. Whereas this sort of approximation may be 
sufficient (and unavoidable) for early Cretaceoas and older 
paleotemperaoire studies, it is woefully inadeejuate in the in- 
vestigation of Tertiary and Quaternary climates where ihe im- 
portant proolems retjuire more accurate paleoclimatic know! 
edge. T.l:e oxygen isotopic composition of the liydrosphere has 
probably remained constant through muen of, at least 
Phanerozoic, time. However, that O the oceans has varied in 
rcspcAise to the formation and disappearance of rich conti- 
nental icecaps. The extent > wh»ch this has affected seawater 


isq/ 16 q ratios during Pleistocene ice advances and retreats has 
been a matter of controversy for many years (Savin and Yeh, 
1981). As this paper does not deal with Pleistocene diiiates, 
this controversy can be largely ignored. Uncertainty in the 
magnitude and isotopic composition of the Antarctic icecap in 
middle Miocene and later times does create ambiguities w hen 
interpreting the middle and late Miocene and Pliocene isotopic 
record in terms of temperature changes. ( \s discussed below, 
most, bftt not all, investigators involved with th3 Isotopic 
record would argue that, prior to middle Miocene time, late 
Mesozoic and Cenozoic continental ice was never so extensive 
as to introduce ambiguities into the interpretation the 
isotopic data.) Isotopic paleotemperature data for pre- 
Tcrtiary giacietions are so sparse that discussion of uncer- 
tainties resulting from glacially induced variations in the iso- 
topic compcLition of the oceans is unwananted. 

Locally, tliS ratio of surface seawater varies in re- 

sponse evaporation (increased *®O/*®0), precipitation (de- 
creased ^®0/^®0), and freshwater runoif (oecreas^ **0/^®0). 
These variations in seawater can cause errors in 

estimated water temperatures of a few' degrees if they are not 
properly taken into accour.t. Until nowq this problem has fre- 
quently been largely ignored or dealt with in rudimentary 
fashion, by assuming that local variatiens in the past have been 
analogous to those of today. The time appears to be approach- 
ing when local variations in Neogene seawater can be 

estimated from paleo-oceanographic (including isotopic) data, 
and estimates of water temperatures can be refined. 

Well-preserv'ed calcium carbonate suitable for isotopic 
analysis is common in Neogene deep-sea sediments, but altera- 
tion rendering samples unsuitable becomes progressively more 
common in older sediments. Suitably preserved samples of any 
age are rare (but do exist) in rocks exposed on the continents. 
Additional w'ork is needed to develop techniques for the recog- 
nition of minor amounts of alteration tl.at affect but do not 
obliterate the original isotopic record. 

When all criteria have been satisfied, and an accurate iso- 
topic temperature has been obtained, it is still not always a 
.straightforward matter to report a climatologically meaning- 
ful ocean temperature. The living habits, and especially the 
site and w ater depth of carbonate secretion, must L - known 
For organisms for w^hich modern counterpart^ are extant, th’s 
can i>e relatively straightforward, as, for example, for Tertiarx' 
and la^« Cretaceous planktonic foraminifera (Douglas and 
Savin, 1978). When modern counterparts are r*ot extant, es- 
tablishment of the environment of carbonate deposition can be 
ft ' re difficult and may in some cases d^^pend on Isotopic analyses 
of large numbers of taxa within fossil assemblages. As noted 
above, because question: about early Mesozoic and olaer cli- 
mates do not usuall)’ require answers as precise :is do questions 
about Tertiary' climates, meaningful information may be ob- 
tained in m.any cases w ithout solution of these ecological prob- 
lems. 

THE ISOTOPIC RECORD 

Lsotopic studies of Tertiary and late Cretacet, s climates have 
been concentrated on deep-sea .sediments. While in some in- 
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stances useful data have been obtained from deep-sea piston 
cores and from rocks exposed on the continents, it is the D^^p 
Sea Drilling Project (DSDP) that hs*.:: provided the largest col- 
lection of samples for isotope paleodimatic study. The avail a- 
bilit>' of these DSDP samples, more than anything else, has 
been responsible for the enormous increase in the number of 
isotopic investigations of pre-Pleistocene climates during the 
past 10 yr. A compilation of much published (and some unpub- 
• shed) isotopic data on Cretaceous and Tertiar>' foraminifera 
is shown in Figure 18.1. The relationship between the isotopic 
data and other aspects of paleo-oceanography sudi as oceanic 
anoxic events, the biotic crisis at the Cretaceous-Tertiary 
boundar>% Eocene-Oligocene extinctions, the Messian “crisis,'* 
and sea-leve! changes has recentlj’ been reviewed by Arthur 
(1979). 

The temperature trend during the past 130 m.y. has been 
generalh downward, but it has been neither smoothly nor 
monotonically downward. Bottom- water temperatures have 
decreased to their modern low values from values of more than 
15°C, which prevailed during much of the Cretaceous. Late 
Cretaceous time saw significant cooling of bottom waters to 
values of 10 to 12°C. This cooling was not especially abrupt or 
intense compared to subsequent Tertiary events. From late 
middle Eocene through early Miocene time there was a series 
of warmings and coolings of bottom waters. Waters seldom 
warmed as much as they had cooled, and the net drop in bot- 
tom temperature between the middle Eocene high and the late 
Oligocene low was 10 or 11°C. [An alternative inte.'pret:’ ion 
of these data, offered by Matthews and Poore (1980) is that the 
temperaturv' drop \v oS not so great as this and that a portion of 
the oxygen isc topic change reflected significant grow^th of con- 
tinental ice during Eocene and Oligocene time rather than a 
temperature drop.] Many of the decreases in Paleogene bot- 
tom-water temperatures appear quite abrupt. Best docu- 
mented of these is that near the Eocene-Oligocene boundary , 
where Kennett and Shackleton (1976) proposed a cooling of 


5°C in 100,000 yr. An aspect of interpretation of these data 
that remains incompletely resolved is the extent to whicn the 
bottom -water temperature fluctuations record the surface- 
temperature history' of a single source region (perhaps at the 
coast of Antarctica) and the extent to which they record alter- 
nations in the source area for bottom- water production (e.g., 
from high northern to high southern latitudes). 

The Miocene benthic isotopic record ^rom DSDP Site 289 
(Woodruff et cJ., 1981) is an especially striking one and is 
shown in Figure 18.2. Between 15 and 13.5 million years ago 
(Ma) a large net increase in benthic foraminiferal oc- 

curred. This isotopic shift probably reflects both bottom-w'ater 
cooling and rapid accumulation of ice on Antarctica. There is 
every' reason to believe that a major Antarctic icecap has per- 
sisted from that time to the present. However, variations of its 
size and isotopic compositiop during Miocene and Pliocene 
times are not w'ell know n. This Introduces a degree of uncer- 
tainty about the extent to which late Miocene and Pliocene 
benthic foraminifera isotopic variations should be taken to 
reflect bottom-water temperature variations as opposed to 
variations in continental ice volume and isotopic composition. 

Through most of Cretaceous and Tertiary time, benthic and 
planktonic oxygen isotopic compositions fluctuated in roughly 
parallel manner. This pattern changes during middle Mio- 
cene time. Although hi^ -latitude planktonic foraminiferal 
\%Q! I6q ratios increase, as do those of the benthics (Shackleton 
and Kennett, 1975), tropical values decrease (Savin et al., 
1975), indicating a warming of tropical surface >rs. 
Hence, middle Miocene time is characterized not only b> the 
ra grow th of ice on Ap*^ » ?a but by a change in the way 
h< at i ; distributed on tlie of the Earth and by a marked 

increa'^e in the equator-tc-pole temperature gradient. Meri- 
dional heat transfer must have been sliarply reduced, causing 
high la itudes to 'XkjI while low latitudes warmed. An under- 
standing of the cause of this major change in the Earth s ther- 
mal regime is fruitful ground for future research. 


FIGURE 18.1 Compilation of oxygen iso- 
tope palcotemperature datT obtained by anal- 
vses of benthic and plankconic foraminifera 
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FIGURE 18.2 High-resolution oxygen iso- 
topic study of Miocene benthic foraminifera 
from DSDP Site 289 (Ontong-Java Plateau). 
From Woodruff ef a/. (1981), copyright 1981, 
American Association for the Advancement of 
Science. 
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The earliest application of oxy gen isotope measurements to 
paleoclimates was the study of Cretaceous climates by Urey et 
al, (1951) followed by that of Lowenstam and Epstein (1954). 
This study included numerous analyses of belemnites sampled 
from outcrops. A characteristic of this study, as well as other 
similar studies, is the large amount of scatter in the isotopic 
data, which makes interpretation difficult. Among possible 
reason^ for isotopic variation arc postdeposirional alteration; 
variations in the temperature and isotopic composition of sea- 
water in the relatively shallow, nearshore sedimentary envi- 
ronments in which most or all of the samples were deposited; 
and migration of belemnites of different ontological stages into 
different growth environments. A synthesis by Stevens and 
Clayton (1971) of paleote' iperature trends derived from sev- 
eral studies of Jurassic and Cretaceous megafossils is shown in 
Figure 18.3. Some of the results that appear discrepant from 
study to study may reflect real climatic differences from place 
to place, but in many instanr s this is unlikely. Further work is 
needed on the isot'^i^e systerr atics of megafossils in outcrop anc 
the factors (especially diagenetic alteration) that affect their Iso- 
topic compositions. Some work on these problems iias been done 
in the past several years, using the scanning electron microscope 
and cathodoluminescence-equipped microscope, which have 
become readily available. With these new tools it may well be 
possible to develop criteria to identify and eliminate samples 
that have undergone jK»stdepositional isotopic alteradon. 

There exists in the literature a small number of anai/ses of 
pro-Jurassic carbonate shells. All of these are, of necessitv', 
from the continents, owing to the lack of oceanic crust this ^d. 
Hence, extreme caution is needed to avoid the effects of po.st- 
dc[XAsitional alteration. Because of the small number of analyses 
of samples widely scattered in space and time there has been lit- 


tle impetus to synthesize such data. However, the seardi for 
suitable samples for study and the synthesis of the existing and 
new data should be encouraged. Both may yield valuable infor- 
mation about early Mesozoic arid Paleozoic dimates. 


SILICA-WATER ISOTOPIC 
PALEOTEMPERATURES 

Biogenic silica is a common constituent of marine sediments 
and is frequently found where biogenic carbonate is absent 
(e.g., below tlie calcium carbonate compensation depth). In 
recent years there has been a great deal of progress made on the 
devdopment of a biogenic silica- water oxygen isotope geother- 
mometer, chiefly by Labeyrie and coworkers (Lab^rie, 1974; 
Mikkelsen et al.y 1978; Labeyrie and Juillet, 1980). However, 
analytical methods for isotopic analysis of opaline silica are 
difficult and arduous. As yet, applications of this approach to 
paleoclimatological problems have been limited. 

Opaline silica becomes diagenetically altered to opal -Cristo- 
bal ite (opal-CT) and then to microcrystalline quartz. Both 
opal-CT and quartz can be analyzed by methods that have be- 
come routine for isotopic analysis of silicates. Studies of the iso- 
topic effects accompanying the conversion of opaline silica 
through opal-CT to microcrystalline "^aartz in DSDP sedi- 
ments have been done by Knauth and Epstein (1975) and Ko- 
lodny and Epstein (1976). These studies have shown that iso- 
topic exchange with pore waters accompanies mineralogical 
reactions at depths of tens to hundreds of meters below the sedi- 
ment-water interface. Furthermore, the reactions can occur 
some tens of millions of years following deposition. Hence, iso- 
topic temperatures obtained from opal-CT and microcrystal- 
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FIGURE 18.3 Compilation of isotope paleo- 
temperatures estimated from analyses of bdem- 
nite guards by several investigators. Figure 
from Stevens and Clayton (1971), with per- 
mission. 



line quartz should be related to, but somewhat h.‘gher than, 
bottom temperatures at a time a few millions to tens of millions 
of years more recent than the time of deposition of the silica. 
Kolodny and Epstein (1976) have presented a comparison be- 
tween Tertiary and Cretaceous benthic foraminiferal isotopic 
tempe'^atures and chert isotopic temperatures based on the 
study of DSDP materials, and the comparison is consistent 
with the behavior outlined above. The cherts do contain a cli- 
matic signal that is sufficiently imprecise to be of little use in 
the study of Tertiary or Cretaceous climates. However, for 
older times, for example the Precam brian, for which quantita- 
tive climatic data are indeed scanty, this approach can provide 
climatic information of considerable use. As a cautionary note, 
in some geologic settings the conversion of diatomaceous silica 
to chert may occur under conditions that at least par dally 
mask the cdmatically relevant isotopic signal. Murata et al. 
(1977) analyzed two sections of opal, opal-CT, and chert from 
the Miocene Monterey Formation of California and found 
I 80 /I 60 ratios in the quartz consistent with diagehetic forma- 
tion at 80°C. Using the quartz- w^ater isotopic fractionation 
curve given by Knauth and Epstein (1976^ that temperature 
would be reduced to 66 °C, Even that is, of course, substan- 
tially warmer than any reasonable estimate of Miocene surface 
or bottom temperatures. 

Perry and coworkers (most recently, Perry et aL, 1978) and 
Knauth and coworkers (most recently, Knauth and Lowe, 1978) 
have published large numbers of isotopic analyses of Precam- 
brian cherts. Both of these series of papers have served to docu- 
ment a striking tendency toward lower ratios with in- 


creasing age. A summary’ of these rata is given in Figure 18.4. 
Although the data of these two research groups are consistent 
with one another, their interpretations differ. Knauth and 
Lowe have argued that the data are best explained if the ox- 
ygen isotopic composition of the ocean has remained essen- 
tially constant, with time, and that the low ratios of 

early Precambrian charts reflect w arm temperatures, perhaps 
as warm as 80°C. Muehlenbachs and Clayton (1976) have pro- 
posed that the ratio of the modern hydrosphere is de- 

termined by tw o seawater-lithosphere reactions: low -temper- 
ature weathering reactions, which deplete the oceans in 
and high-temperature hydrothermal alteration of basalt, 
which enriches the oceans in Knauth and Lowe (1978) 
have suggested that if similar processes occurred throughout 
Precambrian time the ratio of seawater would have 

remained constant. Gregory and Taylor (1981) have con- 
cluded that ratio of seaw ater is constrained to a value 

similar to today s by the interaction between water and rock 
associated with the seafloor spreading process. Perry et al. 
(1978) on the contrary, have argued that the ratio of 

seawater was substantially lower in early Precambrian time 
than today and that ocean temperatures need not have been 
markedly greater than Phanerozoic temperatures. Perry et al. 
have suggt^sted that in the Archaean intense weathering av.d 
low-temperature alteration of volcanic rocks were the domi- 
nant processes controlling the ratio of the oceans. 

This, they argued, could entail a depletion of in seawater 
b> perhaps as much as 12 to 24 per mil relative to today’s 
values. 
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It is of course possible that higher temperatures and lower 
oceanic ratios have both contributed to the oxygen 

isotope record of Precambrian cherts. Resolution of the rela- 
tive importance of these two variables at various tines during 
Precambrian time is of the utmost importance to Precambrian 
paleoclimatology'. The approach of Knauth and Epstein 
(1976) in which both and D/H ratios of cherts are 

used, may provide the best solution. However, even without 
resolution of this question, useful paleoclimatic conclusions 
can be drawn. As an example, Oskvarek and Perry (1976) con- 
cluded from the analyses of cherts from the 3800 Ma Isua Series 
(Greenland) that the highest possible surface temperature dur- 
ing Isua time was loO^C. This is based on chert precipitation 
from a hypothetical ocean of -f 6 per mil, the approximate 
value of water degassed from the mantle, and the highest 
l8o/lt>o ratio for seawater given by any reasonable model for 
ocean formation. Lower estimates of the ratio in sea- 

water would give lower isotopic temperatures. A minimum 
temperature of 0°C can be estimated from the fact that the 
Isua series is made up of apparently water-laid sediments. For 
any time in the Phanerozoic, an ocean temperature estimate of 
0-150°C would be trivial. For a 3800-m.y.-o!d ocean it ic not. 
(Keep in mind that 150®C is the temperature of water in equi- 
librium with an atmospheric PH2O of 4.65 atm and that only 
approximately 46 m of seaw ater w ould have to be evaporated 
in order to achieve that PHgO-) Even crude estimates of early 
Archaean ocean temperatures can be useful in constraining 
models of the atmosphere and of the Sun during the Earth s 
earliest histoiy. 
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FIGURE 18.4 Compilation ot i/xygen isotopic compositions of 
cherts formed during the past 3800 m.y. Lines 1 and 4 form an 
envelr|xj afx)ut the data. Line 3 i.s a trend line through the data in- 
dicating Perry ct aL'$ (1978) estimate of the secular change of the 
ratio of seawater. Temjx.‘rature .scale is base ’ 1 Knauth and 

I-owe’s (1978) estimate of no secular change in the ratio of 

.seawater. From Knaiith and Lowe (1978). 


THE ISOTOPIC COMPOSITION OF 
PRECIPITATION ON THE CONTINENTS 

Ocean temperature is the parameter of climate most fre- 
quently and readily determined from the isotopic study of 
ocean sediments. Isotopic studies of terrestrial materials for 
paleoclimate purposes are far less common. The most readily 
determined climatic parameter obtained from isotopic studies 
of terrestrial materials is not temperature hwt the isotopic com- 
position of precipitation. This is in turn dependent largely but 
not exclusively on temperature of precipitation. Moreover, be- 
cause precipitation in few areas is uniformly distributed 
throughout the year, mean lenperature cl precipitation can 
be significantly different than mean ann’^al temperature. Still, 
the (or D/H) ratio of precipitation can be a useful 

climatic variable. 

Most studies that have aimed at estimating isotopic composi- 
tion of precipitation have had their greatest utility in investi- 
gations of Quaternary climate and will be mentioned here only 
briefly. Hanshaw and Hallet (1978) analyzed the 
ratio of subglacial calcite precipitated as a crust on rode sur- 
faces over which glaciers flowed. Because the meltwater from 
which the calcite precipitated must have a temperature of 
aime^ exactly 0®C, the isotopic composition of tiie meltwater 
can be obtained from the ratio of the calcite. This 

must be the isotopic composition of predpitalion in the gjader s 
zoneof accumuJfitioii. i * ere have been no published attempts to 
apply this appr^ .icb tc ^ . Pleistocene subgladal caldtes. 

Hendy (1971) anJ Schw ircz, Harmon, and coworkers (e.g., 
Schwarez et al , 1976) ha estimated both temperature and 
isotopic oompc;sitit^4*i * cave deposit^. In many inctances, 
the D/H ratio of fluid inclusions trapped in calcite of speleo- 
thems can be sho\‘,’n to be representative of that of tlie seepage 
waters from which the calcite was precipitated. Because the 
isq/ISo and D/H ratios of precipitation, worldwide, are lin- 
early related (Craig, 1961), the ratio of seepage water 

can be estimated from its D/H ratio. Analysis of the 
ratio of the calcite permits calculation of an isotopic tempera- 
ture for speleothem formation This temperature, and the 
l8o/lt>o ratio of precipitation, should approximate mean an- 
nual temperature and isotopic compodtion of precipitation in 
the groundw ater recharge zone. 

Attempts to derive paleoclimatic information from isotopic 
studies of tree rings (especially of cellulose) appear promising 
(Epstein and Yapp, 1976; Libby et al., 1976; Epstein et aL, 
1977; Yapp and Epstein, 1977; Longe# r:/., 1978). There are, 
how'ever, still problems in the interpretcition of these uata that 
need to be resolved. ' e scarcity of suitable old materia! for 
analysis and uncertainties about preservation of original iso- 
tope ratios over long periods of time indicate that for the fore- 
seeable future most applicatioas of this method will be to 
Qua U i nary samples. 

Clay minerals formed during weathering acquire D/H and 
I80/I60 ratios that reflect the temperature and isotopic com- 
position of the weathering environment. Once formed, clay 
minerals are highly resistant to subsequent alteration c' 
isotopic compositioas except when mineralogic reactions also 
occur {Lawrence, 1970; Savin and Epstein, 1970; Lawrence 
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and Taylor, 1972). Hence, isotopic compositions of ancient 
soils should yield climatic information. The climatic signal can 
be obscured in part because each clay mineral has its own iso- 
topic systematics. However, careful mineralogic as well as iso- 
topic study may be sufficient in many cases to resolve the isotopic 
systematics ot different clay minerals within mineralogically 
complex soils. Lawrence and Taylor (1971) ana^'zed a large 
number of Quaternary age soils from the western United States. 
They found isotopic compositions basically consistent with the 
modern climatic regime. Lawrence (1970) analyzed D/H and 
I 80 /I 60 ratios of kaolinite-rich soils of Tertiary age from the 
western United States and found a distribution pattern of D/H 
generally similar to those of today. However, he found a smaller 
difference between Tertiary D/H ratios of coastal regions and 
those of inland regions, suggesting less extreme climatic differ- 
ences between the tw'o areas than at present. 

Studies of soil isotopic composition cannot be expected to pro- 
vide climatic information of the same precision as can a 
number of other isotopic paleoclimate tools. However, the 
method should provide 'nformation of value where other ap- 
proaches may not be applicable. Until now the method has 
found extremely little application to paleoclimatic problems. 
It warrants further consideration and, perhaps, development. 


SUMMARY 

There are a number of techniques whereby paleoclimatic in- 
formation can be obtained from stable isotope data. Most pre- 
cise and widely used is the carbonate- water paleotemperature 
scale. However, its applicabilit)’ is restricted, for the most 
part, to the Cenozoic and late Mesozoic record because of lack 
of preservation of most older samples The silica-water system 
has the potential for yielding useful climatic information for 
Precambrian times, but further developmental work is re- 
quired before the results can be uniquely interpreted in terms 
of climate. However, for early Archaen time, even the most 
approximate estimates of surface temperatures can be useful 
and the silica-water system has provided these. 

Isotopic methods are less useful for yielding information 
about pre-Pleistocene climates on the continents than they are 
about marine climates. However, some approaches such as the 
analysis of paleoscls, speleothems, or subglacially precipitated 
carbonates may be useful in some cases. 
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INTRODUCTION 

The long-term (greater than 10® yr) character of the Earth’s 
climate appears to exhibit distinct shifts fioni one state to the 
next. The succession of such states can be th*^ ^ X of as an evo- 
lutionary process with the average characteristics of each suc- 
cessive climatic state fundamentally different from any previ- 
ous state. Each state may differ in terms of mean condition, in 
the amount of oscillation around the mean condition, and in 
the distribution of the amplitude of oscillation as a function of 
frequency. This long-term evolution of climate appears to be 
associated with telluric changes (i .e., changes in the geography 
and topography that form the boundaries to the fluid spheres). 
The rate of climatic change depends on the nature of the tellu- 
ric effects. For example, the opening of an ocean gateway to 
deep and surface flow (such as passage betw'een Antarctica and 
Australia) may have had a sudden and dramatic effect on aver- 
age oceanic conditions, whereas the gradual ‘fng of the At- 
lantic or closing of the Tethyan seaway m i;' have caused 
longer term shifts in climatic conditions. 

The geologic record of the deep se i affords us the opportunity 
to study the character of global oceanographic coiiditioas over 
the past 100 million years (Ma) to define the steps in the evolu- 
tion that have lead from the rather equitable climates of the 


Cretaceoiis to the ice ages of the last few million years and to re- 
late these evolutionary steps to the changes in the telluric 
boundary conditions that are likely to have caused them. Fur- 
thermore, we should be able to characterize different parts of 
the climate system during each stage of this evolution. By 
studying the way the surface ocean, the deep ocean, the atmos- 
phere, and the cryosphere have changed during each evolu- 
tionary stage, we will gain insights into the mechanisms that 
give rise to long-term climatic change. In addition, the investi- 
gation of the climate system under a variet>’ of boundary con- 
ditions should give us a better fundamental understanding of 
how the different elements of this s>'stem can, and do, inte? act. 


PREVIOUS WORK 

Before such research can proceed, quantitative data on each 
element of the climate system must be acquired and studied. 
One of the most extensive quantitative data bases that now ex- 
ists for the Cenozoic is the record of change in oxygen isotopes 
of benthic foraminifera (see Table 19.1). These data have been 
compiled by many in^'esti gators (Douglas and Savin, 1973, 
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1^75; Savin et aL, 1975; Shackleton and Kennett, 1975a, 
1975b). More recent work by Cenozoic Paleo-Oceanography 
Research Project (CENOP) workers has greatly added to this 
data base, particularly in the Miocene. 

Oxygen isotopes measured on the shells of benthic foramini- 
fers have given us a good representation (Figure 19.1) of the 
long-term changes that have occurred in the mean conditions 
of the deep ocean. The deep ocean contains more than 90 per- 
cent of the water on the Earth’s surface and represents a part of 
the climate system that is important to the storage and trans- 
port of heat. !t is a ratlier slow-moving part of the system, with 
a response time on the order of 10^ yr, intermediate between 
the rapidly responding atmosphere and surface ocean and the 
much more slowly changing cryosphere and lithosphere. Com- 
pared with that of the surface waters, the isotopic composition 
of the modern deep ocean is relatively homogenous (Craig and 
Gordon, 1965); thus, an isotopic record of change in the deep 
ocean from almost any location is likely to give a picture of 
change in a large and important part of the climate system. 

If it is assumed that the shells of benthic foraminifera are de- 
posited in isotopic equilibrium (or that any vital effects can be 
taken into account), then changes in the oxygen isotopic ratio 
in the carbonate tests of the deep benthic fauna indicate 
changes in either the temperature of the bottom waters (with 
each 1 °C equivalent to roughly 0.26 %o change in the 
ratio) or in the isotopic composition of deep waters. Changes 
in the isotopic composition of the deep ocean would most 
likely be caused by the transfer of a large amount of isotop- 
ically light water from the oceans to continental glaciers (6^^0 
change of 0.1 %c is roughly equivalent to a 10-m glacial ea 
level change); however, changes in the mode of formation of 
deep water that involved a significant change in their salinit) 
would also affect their isotopic composition [with about a 
0. 1 %o change in 6 for every 0.2 %o change in salinity (Craig 

and Gordon, 1965)]. 

Studies of the long-term record of the isotopic record of for- 
aminifera, together with other geologic and geophysical stud- 
ies, suggest that in the last 100 Ma there were two times when 
major continental ice caps were formed and extended into the 
sea: in the Middle Miocene, marking the buildup of the Ant- 
arctic ice cap about 14 Ma ago (Shackleton and Kennett, 
1975a, 1975b), and in the late Pliocene, marking the formation 
of continental glaciers in the northern hemisphere about 3 Ma 
ago (Shackleton and Opdyke, 1977). If the estimates of the ef- 
fect of ice volume on the isotopic composition of seawater are 
taken into account, and if it is assumed that changes in salinity 
have been small, then the record of the long-term changes Iii 
the oxygen isotopes can be interpret^ as ar oceanic tempera- 
ture record (Figure 19,1). This re<ofd suggests that the deep 
waters have cooled by about 10-13 "C in the last 60 Ma. Surface 
waters followed this trend to the mid-Miocene and then leveled 
off or warmed slightly (Douglas and Woodruff, 1981). This 
overall cooling of deep water.*^ is either monotonic nor grad- 
ual. Short reversals in the trend occur, and the major portion of 
the cooling appears to occur as distinct steps in the record (e.g., 
in the mid-Eocene, at the Eocene-Oligocene boundary, in the 
mid-Miocene, and in the Pliocene (Figure 19.1). These sharp 
drops in the isotopic record are thought to be associated with 
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evolutionary changes in the climate .system that give rise to 
shifts in the mean conditions. It remains to be seen whether 
other proxy records and oceanic and dimatic changes exhibit 
the same shifts in their records and whether additional evolu- 
tionary steps can be identified in these records. 

The most recent evolutionary stage as defined in Figure 19.1 
is the Quaternary. An impoitant characteristic of the Quater- 
nary climate has been the large degree of variability around 
the mean climatic state. Most of the Quaternary riability in 
the benthic oxygen isotope signal is thought to be associated 
with changes in continental ice volume (Shackleton, 1967; 
Shackleton and Opdyke, 1973). The variability of both the 
oxygen isotopes (Shackleton and Opdyke, 1976; Pisias and 
Moore, 1981) and the planktonic fauna (Ruddiman, 1971; 
Brisk? n and Berggren, 1975) changed through the Quaternary 
and these changes appear to involve both the amplitude and 
frequency of oscillation. Spectral analyses of c e 2-Ma-long 
record of oxygen isotopes (measured on a planktonic species of 
foraminifera) indicates that this record can be divided into at 
least three intervals, each having progressively more variance 
associated with progressively longer periods of osdlla'l^.i 
(Pisias and Moore, 19S1) . These changes in the spectral charac- 
ter of oxygen isotope records may also indicate evolutionary' 
changes in th:; climate system. In this example, th:=5:e changes 
are thought to result from changing mechanisms of ice-cap 
growth and decay and may indicate the effects of extensive 
glacial erosion of continental areas (Pisias and Moore, 1981). 

Sirhilai spectral studies of Tertiary records have yet to be un- 
dertaken, primarily because (a) few long, relatively undis- 
turbed marine sections have been recovered, and (b) establish- 
ing a sufficiently accurate ♦^ime scale for a detailed spectrai 
analysis is a difficult task. Although it may not be possible yet 
to investigate the spectral character (i.e., the distribution of 
variance as a function cf frequency of oscillation) of Tertiary 
oxygen isotopic records, the total variance of such records and 
how this variance has changed with time and place can be 
studied. 

It is sometimes assumed that the warmer climes of Tertiary 
and Cretaceous times were more equable than at present, that 
is, they were less variable. However, little work has been done 
on the short-term variability of Cenozoic climate. Certainly 
before the buildup of continental glaciers one might expect to 
sec less variability in *^he oxygen isotope s'gnal. But was there 
less oc'^anugraphic variability during the Eocene than during 
the Oligocene or Miocene? Did the variability of the benthic 
oxygen isotope record increase as the deep-ocean temperature 
cooled? How did variability in this record change with evolution 
of the climate system, and what degree of variability is associ- 
ated with each evolutionary step? Such questions are addressed 
here in hopes of better defining the true nature of climatic and 
oceanographic variability through the Cenozoic. 


METHODS 

An accurate estimate of the total variance in a data set does not 
require as long a record as a spectral analysis. Ic does not re- 
quire that the time scale be known accurately, nor does it re- 
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TABLE 19.1 Estimated Variance (*cr^) with Linear Trend Removed^ 


Water 

Depth Species 


Age 

Site 

Ocean 

(m) 

N 

Group 

•a* 

Data Source 

L, Quaternary 

V19-28 

P 

2720 

142 

Uviger. 

0.168* 

Shackieton, 1977 


V19-29 

P 

3157 

168 

Vviger. 

0.181* 

Shackleton, 1977 


Y6910*2 

P 

2615 

203 

Vviger. 

0.142* 

Sl»ackleton, 1977 


i57 

P 

2591 

9 

Uviger, 

0.173* 

Keigwin, 1979a 


E67-135 

A 

725 

31 

Uviger, 

0.184* 

Keigwin, 1979a 


397 

A 

2900 

133 

Uviger 

0.282* 

Shackleton and Gita, 1979 

E. Quaternary 

284 

P 

1068 

7 

Uviger. 

0.119* 

Kennetietal, 1979 


310 

P 

3516 

21 

Uviger. 

0.087* 

Keigwin, 1979a 


E67-135 

A 

725 

32 

Uviger. 

0.100* 

Keigwin, 1979b 


397 

A 

2900 

15 

Uviger. 

0.113* 

Shackleton and Gita, 1979 

L. Pliocene 

V28-179 

P 

4490 

36 

G. subgl. 

0.064* 

Shackleton and Opdyke, 197’’ 


157 

P 

2300 

16 

Uviger. 

U.052* 

Keigwin, 1979a 


206 

P 

3110 

6 

Uviger. 

0.012* 

Bender (GENOP unpubU 


207 

P 

1360 

9 

Uviger. 

0.018* 

Pender (GENOP unpubl.) 


310 

P 

3510 

23 

Uviger. 

0.060* 

Keigwin, 1979a 


503 

P 

3500 

7 

P. wuell. 

0.055* 

Keigwin (GENOP unpubl.) 


281 

S(P) 

1570 

6 

Uviger. 

0.033* 

Bender (GENOF unpubl.) 


E67-135 

A 

720 

25 

Uviger. 

0.068* 

Keigwin, 1979b 


397 

A 

2890 

25 

Uviger. 

0.122* 

Shackleton and Gita, 1979 


502 

A 

3040 

9 

P. wuell. 

0.146* 

Keigwdn (GENOP unpubl.) 

E. Pliocene 

V28.179 

P 

4480 

36 

G. subgl. 

0.018 

Shackleton and Opdyke, 1977 


62.1 

P 

2490 

10 

G. subgl. 

0.007 

Keigwin et a/. , 1979 


83A 

P 

410 

14 

Uviger. 

0.008 

Keigwin fl/., 1979 


84 

P 

2700 

6 

Uviger. 

0.056 

Keigwin et o/. , 1979 


158 

P 

1710 

11 

Uviger. 

0.050 

Keigwin, 1979a 


206 

P 

3100 

8 

Uviger 

0.006 

Keigwin ?t a/., 1979 


207A 

P 

1340 

7 

Uviger. 

0.010 

Keigwin ef fl/. , 1979 


208 

P 

1520 

19 

Uviger.; 

G. subgl. 

0.023' 

Bender (GENOP unpubl.); 
Keigwin e/ fl/. , 1979 


284 

P 

1020 

19 

Uviger. 

0.015 

Kennett et ah, 1979 


310 

P 

3500 

11 

Uviger. 

0.017 

Keigwin, 1979a 


503 

P 

3450 

21 

C. hull. 

0.011 

Keigwin (GENOP unpubl.) 


E67-135 

A 

710 

24 

Uviger. 

0.025 

Keigwin, 1979b 


297 

A 

2890 

20 

Uvige). 

0 090 

Shackleton and Gita, 1979 


502 

A 

3030 

}7 

P. wuell. 

0.035 

Keigwin (GENOP unpubl.) 

L. Miocene 

77B 

P 

4250 

12 

M.B. 

0.090 

Savin and Weh, 1981 

(postcaroon sh’ft) 158 

P 

1570 

27 

Uviger. ; 

G. subgl. 

0.030' 

Keigwin, 1979a 


207A 

P 

1320 

28 

Uviger. 

0.034 

Bender (GENOP unpubl.) 


208 

P 

U80 

12 

Uviger. 

0.058 

Bender (GENOP unpubl). 


284 

P 

990 

13 

Uviger. 

0.015 

Kennett et al., 1979 


289 

P 

2190 

12 

P. wuell. 

0.025 

Woodruff ef j/. , 1981 


292 

P 

2800 

27 

Oridos. 

0.046 

The Benedum Lab., Brown U. 
(GENOP unpubl.) 


296* 

P 

2750 

12 

Oridos. 

0.422 

The Benedum Lnb., Brown U. 
(GENOP unpubl.) 


310 

P 

3430 

12 

Uviger. 

0.015 

Keigwin, 1979a 


503 

P 

3270 

7 

C. hull. 

0.014 

Keigwin (GENOP unpubl.) 


278 

S(P) 

3530 

6 

Cibicid. 

0.034 

Bender (GENOP unpubl.) 


281 

S(P) 

1500 

6 

Uviger. 

0.014 

Bender (GENOP unpubl.) 


329 

S(A) 

1430 

33 

M.B. 

0.114 

Savin et al. (GENOP unpubl.) 


238 

I 

2630 

19 

Oridos. ; 

P. wuell. 

0.0.56' 

Vincent ef a/. 1980 


357 

A 

2060 

8 

Oridos. 

0.062 

The Benedum Lab.. Brown U. 
(GENOP unpubl.) 


397 

A 

2860 

18 

M.B. 

0.055 

Shackle' i Gita, 1979 
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Water 


Age 

Site 

Ocean 

Depth 

(m) 

N 

Species 

Croup 

•<,2 

Data Source 


408 

A 

1190 

6 

Grifios. 

0.106 

The Benedum Lab., Brown U. 
(CENOP unpubl.) 


502 

A 

3020 

21 

P. wueli 

0.035 

Keigwin (CENOP unpubl.) 

L. Miocene 

77B 

P 

4210 

16 

M.B. 

0.149 

Savin effl/., 1981 

(precarbon shift) 

158 

P 

1410 

9 

Vviger. 

0.057 

Keigwin, 1979a 


206 

P 

3100 

12 

Uviger. 

0.042 

Bender (CENOP unpubl.) 


207 

P 

1300 

13 

Uviger. 

0.018 

Bender (CENOP unpubl.) 


208 

P 

1450 

7 

Uviger. 

0.009 

Bender (CENOP unpubl.) 


289 

P 

2180 

11 

P. wuell. 

0.046 

Woodruff cr a/., 1981 


296 

P 

2740 

9 

Oridos, 

0.054 

The Benedum Lab., Brown U. 
(CENOP unpubl.) 


310 

P 

3420 

9 

Oridos. 

0.009 

Keigwin, 1979a 


503 

P 

3090 

7 

P. wuell. 

0.006 

Keigwin (CENOP ui.publ.) 


278 

S(P) 

3510 

6 

Cibicid. 

0.045 

Bender (CENOP unpubl.) 


281 

S(P) 

1490 

26 

G. mbglob. 

0.097 

Loutit (CENOP unpubl.) 


329 

S(A) 

1420 

6 

M.B. 

0.276 

Savin et al.y (CENOP unpubl.) 


238 

1 

2640 

38 

P. wuell. y 
Oridos. 

0.029* 

Vincent ei al.y 198C 


357 

A 

2050 

8 

Oridos. 

0.095 

The Benedum Lab., Brown U. 
(CENOP unpubl.) 


397 

A 

2850 

28 

M.B. 

0.077 

Shackleton and Cita 1979 


397 

A 

2850 

11 

P. wuell. 

0.011 

Bender (CENOP, unpubl.) 


408 

A 

1170 

10 

Oridos. 

0.209 

The Benedum Lab., Brown U. 
(CENOP unpubl.) 


502 

A 

3000 

18 

P. wuell. 

0.020 

Keigwin (CENOP unpubl.) 

L. Mid. Miocene 

77B 

P 

4180 

27 

Cibicid.; 

G. subgl. 

0.039* 

Savin et al.y 1981; Kennett and 
Keigwin (CENOP unpubl.) 


206 

P 

3060 

12 

Oridos. 

0.019 

Bender (CENOP unpubl.) 


206 

P 

3060 

11 

P. wuell. 

0.065 

Bender (CENOP unpubl.) 


207A 

P 

1240 

7 

Uviger. 

0.051 

Bender (CENOP unpubl.) 


208 

P 

1420 

11 

P. wuell. 

0.013 

Bender (CENOP unpubl.) 


289 

P 

2160 

36 

Cibicid. 

0.053 

Woodruff et a/., 1981 


310 

P 

3380 

5 

Oridos. 

0.036 

Keigwin, 1979a 


281 

S(P) 

1400 

17 

M.B.; Uviger. y 
C. subgl. 

0.004* 

Shackieton and Kennett, 1975a; 
Loutit (CENOP unpubl.) 

Mid. Miocene 
(trans.) 

77B 

P 

4090 

5 

G. subgl. 

0.086 

Kennett and Keigwin (CENOP 
unpubl.) 


77B 

P 

4090 

23 

Cibicid. ; 
C. hull. 

0.024* 

Kennett and Keigwin (CENOP 
unpubl.) 


289 

P 

2140 

37 

Cibicid. 

0.099 

Woodruff et al.. 1981 

E. Mid. Miocene 

55 

P 

2750 

6 

M.B. 

0.048 

Savin et al. , 1975 


71 

P 

4270 

6 

Cibicid. 

0.080 

Sfivinetal.y 1981 


77B 

P 

4080 

17 

Cibicid. 

0.037 

Kennett and Keigwin (CENOP 
unpubl.) 


206 

P 

3040 

18 

P. wuell. 

0.024* 

Bender (CENOP unpubl.) 


289 

P 

2100 

26 

Cibicid. 

0.033 

Woodruff et al.y 1981 


281 

S(P) 

1380 

24 

Uviger. 

0.041 

Loutit (CENOP unpubl.) 

E. Miocene 

71 

p 

4260 

37 

Oridos.; 

Cibicid. 

0.110* 

Savin et al., 1981 


77B 

p 

3980 

8 

Cibicid. 

0.063 

Kennett and Keigwin 
(CENCP unpubl.) 


206 

p 

300(» 

11 

Ordos. 

0.056 

Bender (CENOP nnpubl.) 


208 

p 

1350 

20 

G. .subgl. 

0.036 

Bender (CENOP unpubl.) 


289 

p 

lv;rJ0 

25 

Cibicid. 

0.042 

Woodruff et al.y 1981 


296 

p 

2360 

18 

Oridos. 

0.070 

The Benedum Lab., Brown U. 
(CENOP unpubl.) 
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TABLE 19.1 (continued) 


Age 

Site 

Ocean 

Water 

Depth 

(m) 

N 

Species 

Croup 


Data Source 


279 

S(P) 

2010 

35 

M.B.; Gyrod. 

0.053* 

Bender (CENOP unpubl.); 
Shackleton and Kennett, 1975 


281 

S(P) 

1250 

17 

Uvi^er. 

0.015 

I^utit (CENOP unpub!.) 


237 

I 

1440 

25 

Oridos. 

0.059 

Vincent ct al. (CENOP unpubl.) 


15 

A 

2550 

17 

M.B. 

0.060 

Savin el al., 1975 


116 

A 

200 

22 

Oridos, 

0.026 

The Benedum Lab., Brown U. 
(CENOP unpubl.) 


366A 

A 

2700 

27 

Oridos. 

0.050 

Vincent et al, (CENOP unpubl.) 

M.-L. Oligocene 

277 

S(P) 

1222 

14 

MB. 

0.020 

Shackleton and Kennett, 1975a 

366A 

A 

2860 

11 

G. subgl. 

0.035 

Boersma and Shackleton, 1977 

E. Oligocene 

277 

S(P) 

1222 

7 

Oridas. 

0.004 

Keigwin, 1980 


292 

P 

2943 

7 

Oridos. 

0.018 

Keigwin, 1980 


366A 

A 

2860 

8 

MB. 

0.044 

Boersma and Shackleton, 1977 

L. Eocene 

292 

P 

2943 

14 

Oridos. 

0.026 

Keigwin, 1980 


277 

S(P) 

1222 

20 

M.B., Oridos. 

0.017* 

Shackleton and Kennett, 1975a; 
Keigwin, 1980 

M. Eocene 

44 

P 

1478 

8 

M.B. 

0.038 

Savin eta/., 1975 


277 

S(P) 

1222 

9 

M.B. 

0.083 

Shackleton and Kennett, 1975a 


398* 

A 

3900 

8 

M.B. 

0.329 

Vergnaud-Crazzini, 1979 

Paleocene 

384 

A 

3910 

13 

MB. 

0.065 

Boersma ct al., 1979 


‘^Data sets are arranged according to stratigraphi? age and grouped according to ocean basin. Depths given are estimated paleodepths for each 
stratigraphic age based on standard backtracking techniques. Number of data points (N) in individual data sets, species groups used, and data 
sources are indicated. M.B. indicates data that are base! on the mixed benthic assemblage. An asterisk denotes data sets with very large variances, 
which appear spurious when compared with other data oi similar age and location. These data are not shown in Figure 19.2. A “T* denotes those sites 
in which data are available from two different species gro ips and have* ^iinated variances that are not significantly different. Their variances are 
pooled in this table. A “2” indicates those data sets in whicl all vt riance estimates from a given ocean basin and age are not significandy different. 
These variances are pooled for use in Figure 19.2. Site locat ons and ocean abbreviations are given in Table 19.2- 


FIGURE 19.1 Benthic oxygen isotope record 
for the Cenozoic (after Douglas and Wood- 
ruff, 1981). 
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quire that the mean values dF two data sets be the same before a 
cx)mparison of the variances can be made. Thus, virt jally all of 
the short-time series of oxygen isotope dale (Table 19 1), re- 
gardless of the particular species used to obtain the data, can lx? 
used in a comparison of the total variance in different data 
sets. These variances have units of {%q)^; however, this nota- 
tion is omitted from the text discussion. 

Most of the samples in the Tertiary data series rather 
widely spaced within the recovered sections (usua^ lOO cm). 
Accumulation rates of 10-50 meters/million years (m/m.y.) are 
common in these pelagic sediments and thus would indicate a 
time spacing of the samples that is often greater than 10^ yr. 
Sample spacing in the Miocene isotopic data collected by the 
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CENOP group (Table 19. 1) was designed to be between 50,000- 
100,000 yi . Although such sample spacings are much broader 
than commonly used in Quaternarv studies, they do provide an 
estimate of the total variance in the long-term record If the 
Pleistocene record is sampled at a 50,000-yr spacing, the vari- 
ance estimate is the same as for a 5000-yr sample spacing. Ta- 
ble 19.1 lists data sources to be used in this analysis and Table 
19.2 lists site location >. These data have the following charac- 
teristics: (1) Oxygen isotope measurements in each data set 
were carried out on samples of a single species, a species group, 
or a mixed benthic assemblage. Data derived from different 
species groups or size fractions were not combined; however, if 
their variances were not significantly different (F test), they 


TABLE 19.2 

Location, 

Water Depth, and Strntigraphic Age of Benthic Oxygen Isotope Data Used in this Study^ 

Site 

Ocean 

Latitude 

Longitude 

Water 
Depth (m) 

Stratigraphic 
Age Studied 

E67-135 

A 

29°00' N 

^7°00' W 

725 

Quaternary, Pliocene 

V19-28 

P 

02^22' S 

n ^39' W 

2720 

L. Quaternary 

V19-29 

P 

03°35' S 

83°56' W 

3157 

L. Quaternary 

V28-179 

P 

04^37' N 

139^36' W 

4502 

Pliocene 

Y6910-2 

P 

4in6'N 

i27®orw 

2615 

L. Quaternary 

15 

A 

30°53'S 

17*‘59' W 

3927 

E. Miocene 

44 

P 

19^18' N 

169*^00' W 

1478 

M. Eocene 

55 

P 

09M8N 

142°33' W 

2850 

M. Miocene 

32 

P 

01*^52' N 

14r56'W 

2591 

Pliocene 

71 

P 

0^26' S 

125^49' W 

4419 

M, Miocene, E. Miocene 

77 

P 

01°39'S 

127^52' W 

4290 

L. Miocene, M. Miocene, E. Miocene 

83 

P 

04^^03' N 

95°44.2' W 

3632 

Plioc*ene 

84 

P 

05^45' N 

82°53' W 

3096 

Pliocene 

116 

A 

57"5C' N 

15“56' W 

1161 

E. Miocene 

157 

t> 

01°46'S 

85^54' W 

2591 

L. Quaternar> , Plinerne 

158 

P 

06°37' N 

85^14''^ 

1953 

Pliocene, L. Miocene 

206 

P 

32®ors 

165°27 e 

3196 

Pliocene L. Miocent, M. Miuc'ene, E. Miocene 

207 

P 

36®58' S 

165“26' E 

1389 

Pliocene, L. Mioc*?ne, M. Miocene 

208 

P 

26°07' S 

161°13'E 

1545 

Pliocene L Mii^cr^c, , E. Miocene 

237 

I 

07®05' S 


1640 

E. Mi >cene 

23o 

1 

1P09S 

70^32' E 

2344 

I-. Miocene 

277 

S(P) 

52°13'S 

166*^1 IE 

1222 

L. Oligocenc, L. Eo'^tne, M. Eocene 

278 

S(P) 

56°33' S 

160^04' E 

3698 

■w. Miocene 

279 

S(p) 

51^20' S 

162^38 ' E 

3371 

E. Miocene 

281 

S(P) 

48°00' S 

147^46' E 

1591 

Pliocene, L. Miocene, M. Miocene, E. Miocene 

284 

P 

40'^30' S 

167'^4rE 

;068 

E. Quaternary, Plio. cne, L. Miocene 

289 

p 

00°30' S 

158^31' E 

2206 

L. Miocene, M. Miocene, E. Miocene 

292 

p 

15^49' N 

124^39' E 

2943 

L. Miocene, E. Oligocene, L. Eocene 

296 

p 

29°20' N 

153°32' E 

2920 

L. Miocene, E. Miocene 

310 

p 

36®52' N 

176°54' E 

3516 

E. Quaternary, Pliocene. L. Mkxx*ne. M. M \ vene 

329 

3(A) 

50^39' S 

46°06' W 

1519 

L. Miocene 

357 

A 

30“00' S 

35°34' W 

2109 

L MiiKene 

366 

A 

0.5'^4rN 

Hrsr w 

2860 

E. Miocene, L. Oligr . E. '»igooene 

381 

A 

40°22' N 

51°40' W 

3910 

Paleocene 

397 

A 

26^51' N 

i5°ir w 

29(KJ 

Quaternary, PPocx‘r:» E. Maverv 

398 

/' 

40^58' N 

10“48' W 

3900 

M. Eoccm* 

408 

A 

63°2.3' N 

28^55' W 

1634 

L, MLccne 

502 

A 

ir29'N 

79°23' W 

3052 

PluK.ene, L. Mifj'.tne 

5i)3 

A 

04°03' W 

95^^38' W 

3672 

Pliotene, 1 Mio».ene 


“Oct;an locations: A, Atlantic; P, Pacific; I, Indian, S(P), Southern v)c<*an, Pacific sector; S(A), Southern Oceai., All antic sector. 
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HGURE 19.2 Variance in benthic oxygen 
isotopes as a function of age in the Cenozolc. 
Data sources are listed in Table 19.!. Kori> 
zontal lines indicate stratigraphic range rep> 
resented by tlie date sets, verttoal lines in* 
dicate 80 percent confidence limits of the 
variance estimates. Closed circles represent 
Pacific Ocean data sets; open circles, Atlantic 
Ocean drta sets; squares. Southern Ocean 
data sets; triangles, Indian Ocean data .sets. 
Shaded area encompasses most of the data 
from the Pacific and Southern Oceans; ex- 
cluded are the very deep Pacific sites in the 
Early and Late Miocene and the highly 
variable sites cf the Atlantic and Southern 
Oceans sites in the Late Miocene. 



could be pooled, (2) Each data set conies from a single site. (3) 
Each group of measurements is associated witfi a known strati- 
graphic age. 

Stratigraphic intervals over which the variance was calcu- 
lated were kept ac short as possible to lend more detail to tlie 
long-term recKird cf variability. Data were selected to avoid 
any clear jumps or shifts in the record that might he associated 
v'ith evolutionary changes in the system. Such shifts in the data 
would lead to an abnormally large estimate of the variance. To 
guard further against more gradual shifts in the data, trends 
were removed from each data set using a simple linear regres- 
sion. The estimate of variance used in this study is the variance 
around this regression line. 

For each stratigraphic age tlie variances of all data sets were 
compared using the M test (Thompson and Merrington, 1944) 
for homogeneity of variances. If the difference in the variance 
estimates were nonsignificant (p ^ 0.95), then the variances of 
all the d^ta sets of the age could be pooled. This procedure al- 
lows the combination of several Quaternary time series. If vari- 
ances were nonhomogeneoas, they were subdivided according 
to ocean basin locations, and again tested for homogeneity 
Data sets from the Atlantic, Pacific, and Indian Oceans were 
compared; when sufficient data were available, their variabil- 
ity as a function of water depth was contrasted. 

In a few cases the variability in individual daia sets is high, 
gready exceeding that found in other sites at the same time and 
depth interval. Such data might result from unrecognized di£- 
genic or stratig»*aphic' problems. They are considered spurious 
here, and. although included in Table 19.1, they are not plot- 
ted in the figures. Sites having extremely low variability might 
result from severe disturbance and mixing of rotary-drilled sec- 
tions; however, such sites appear to show some degree cf spa- 
tial and temporal coherence and are not excluded from the 
figures. 


THE LONG-TERM RECORD 

The record of tlie variance in benthic oxygen isotopes is shown 
in Figir ’ 19.2, with vertical lines giving the 80 percent confi- 
dence limits of the estimate and horizontal lines indicating the 
rang^' of the stratigraphic age of the individual data sets. Each 
symh<4 is located at the midpoint of the stratigraphic range. 
Different symbols are used for Pacific, Atlantic, Antarctic, and 
Indian Ocean data sets. 

Although the amount of data varies greatl> through the Ce- 
nozoic (Figure 19.2), tfiere appear to be several important 
changes in the character of isotopic variance as a function of 
time: (a) a decrease in the estimated variance from mid-Eo- 
cene to Oligocene time, (h) a slight Middle Miocene maximum 
in variance, (c) an increase in the variance of Atlantic sites 
relative to Pacific sites in post-Early Miocene times, and (d) a 
sharp increase in the variance both tlantic and Pacific sites 
beginning in the late Pliocene, The background variability 
above which the intervals of high variance rise is surprisingly 
consistf»nt. it aver^^ges about 0.04 and is four times greater than 
the variance associated with laboratory error. 

in the latest part of the record the high variance in benthic 
oxygen isotopes increases from values of 0.06-0.1 in the late 
Pliocene to approximately 0.2 in the late Quaternary. Most of 
this high degree of variabiiu^ related to change*; in iso- 
topic composition of the oceans as continental glaciers waxed 
and waned (Shackleton, 1967; Shackleton and Opdyke, 1973). 

There is some indication that the pooled variance in Atlantic 
sites is slightly higher than in Pacific sites. The difference is not 
significant in the Quaternary (M test, p > 0.95); however in 
the Pliocene and Late Mif)cene the Atlantic and Pacific do ap- 
pear to show different degrees of variahilit\'. Shackleton and 
Gita (1979) noted the Generally hight degree of varability' in 
Atlantic sites during th^ latest Miocer.e. Such differences are 
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also seen in the Pliocene and Late Miocene data presented here 
(Figure 19.2), 'vhere se\'eral (but not all) Atlantic and South- 
ern Ocean sites Siiow a higher variance than most Pacific sites, 
with the highest variances measured in the earlier part ol the 
Late Miocene. During the Early Miocene and Oligocene, the 
variance of benthic ox\^gen isotopes in Atlantic sites were also 
slightly higher than those of the Pacific: however, the differ- 
ences are not statisdcally significant (F test, p ^ 0.9). 

In the Pliocene and Miocene, measurements from deep sites 
{>4000 m) are included in the data set. These Pacific ates 
(DSDP 71 and DSDP 77 of the Deep Sea Drilling Project) show 
generally higher \ ariance than others from the Pacific Ocean 
basin during both the Early and Late Miocene. During the 
Middle Miocene, however, detailed studies of a mid-dq>th site 
(DSDP 289—Woodruff et aL^ 1981) have an equally high <fe- 
gree of variabilit>\ This interval spans the time of glacial 
buildup in Antarctica (Shackleton and Kennett, 1975a) and 
appears as c major diift in the benthic isotopic values (Figure 
19.1). The maximum in variance associated with this shift in 
isotopic values is clearly seen in the original data (Woodruff et 
aLy 1981). To remove the effect of this shift in isotopic mean 
values on estimates of variance, the Middle Miocene data are 
subdivided into three groups (Table 19.1, Figure 19.1): pre- 
transition, transition, ard posttransition. Trends within these 
dnta subsets were removed using a linear regression. 

There are few accurate estimates of oxv'gen isotopic variance 
in the Paleogene: however, the data that are available indicate 
a minimum in variabilit>^ during Late Eocene through Oligo- 
cene times. Discounting the high mid-Eocene variance of 
DSDP 398 (which may be spurioas), the variance in benthic 
oxv'gen isotopes of the early Paleogene w'as near 0.06, whereas 
those in the Late Eocene through Oligocene were significantly 
low'er (pooled variance 0.027). This apparent decrease in 
variance parallels a general cooling trend through the mid- to 
late-Paleogene (Figure 19.1) when bottom-w*ater tempera- 
tures are estimated to have dropped from almc^t 15°C in the 
mid-EcKene to 6°C in the Oligocene (Figtire 19.1). This late 
Paleogene minimum in variability is also significantly less than 
that measured in the Miocene, when the variance w as usually 
near 0.04. 

Many of the changes in the variance of the ox>^gen isotopic 
data can be asscx^iated with major evolutionary' transitions in 
the Cenozoic climate. The maxima in variance during the 
Quaternary' and mid-Miocene are both correlated with the 
growth of major ice caps. It is presumed that like those of the 
Quaternary, the mid-Miocene intervals of high variance are 
associated with instability in the climate sy'stem and that most 
of the variation is due to changes in the isotopic composition of 
the oceans. 

The next older major step in climatic evolution indicated by 
the oxygen isotopes (Figure 19.1) occurs at the Eocene-Oligo- 
cene boundary'. Although the data are more sparse around and 
across this boundary, the existing data (Kennett and Shackle- 
ton, 1976; Keigwin, 1980) indicate a rapid, monotonic shift in 
isotopic values. This shift is observed in both planktonic and 
benthic species in high latitudes but only in the l^nthics at low- 
latitude Pacific sites (Keigwin, 1980). Thus this evolutionary 
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step, which is thought to be associated with the opening of the 
Australian-Antarctic seaw'ay (Kennett and Shackleton, 1976), 
appears to be related to a marked cooling of deep w'aters and 
high-latitude surface w aters. How'e\'er, there does not appear 
to have been a diange in the variability' of deep-ocean waters 
on either side of this boundary*. Nor w*as there a marked insta- 
bility associated w'ith the transition from one climatic state to 
the next, as obser\'ed with the growth of continental ice in the 
Middle Miocene and Quaternary'. 

The increase in benthic isotopic variability that occurred in 
the mid-Eocene is based on sparse data (Table 19. 1): but if fur- 
ther work supports its existence, it Is the third maximum in var- 
iability* associated with a marked shift in the mean content 

of benthic tests (cf.. Figure 19.1). The cause of the mid-Eocene 
shift in mean isotopic values is not certain. It could have been 
caused by a telluric change, .such as the opening of a passage 
between South Americ'a and Antarctica (Norton and Sdater, 
1979), which might have led to a marked cooling of the ocean 
waters. It might also have been caused by an eariy buildup of 
fairly large mountain glaciers in Antarctica (Matthew's and 
Poore, 1980) or by some combination of temperature and ice 
volume Elects. 

Suffide'ii data have been gathered from the Miocene and 
Pliocene ( Fable 19.1) to allow a view* of how* benthic isotopic 
variabil’cv' is distributed in space as w'dl as time. In the Late 
Miocene there is an increased oxy'gen isotopic (temperature) 
contrast between deep and bottom w'aters (Douglas and 
Woodruff, 1981). This is also the time w'hen marked differ- 
ences between the isotopic variability' of the Atlantic and Pa- 
cific Oceans are first noted. This divergence of Atlantic and Pa- 
cific estimates of isotopic variance in the Late Miocei^ suggests 
the development of different source regions for deep waters in 
the two basins. 

The general pattern of change with depth seen in the Mio- 
cene and Pliocene of the Pacific Ocean is from low' variance in 
shallower sites to higher variance in deeper sites. In both the 
Early and Late Miocene, the variance in the deepest sites 
(DSDP 71 and DSDP 77) is hi^er than in any other depth zone 
in the Pacific Ocean and is exceeded in magnitude only by the 
Quaternary data and the Late Miocene data from the Atlantic 
and Southern Ocean. In the Atlantic, Late Miocene variability 
of benthic isotopes at shallow' depths is high (up to about 0.25). 
The variance decreases with depth, so that at 3(XX) m all oceans 
show' approximately the same rather low degree of variability'. 
The marked difference in the variance of Atlantic and Pacific 
benthic isotopic data has been noted previously (Shackleton 
and Cita, 1979); however, this difference does not appear to 
occur prior to the mid-Miocene. 


DISCUSSION AND CONCLUSIONS 

The data presented here indicate that the variability of benthic 
oxygen isotopes have changed with time and that these changes 
have often been associated with major steps in the evolution of 
the oceans. Altiiough the data from the Paleogene are sparse, 
they indicate that the variability in benthic oxy'gen isotopes of 
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the OligcKene and Late Eocene was significantly less than at 
any other time in the Cenozoic. The Oligocene was a time of 
relatively coo! and equable climate (Kennett, 1978; Fischer 
and Arthur, 1977) and low eustatic sea ie\^ (Vail et a/., 
1977). The low isotopic variabilit\^ of this inter\'al may be at- 
tributable to homogeneous ckep waters derived from a single 
source region. The higher variabilit\' of the early Paleogene 
was associated with mudi warmer high-latitude and bottom- 
water temperatures. These conditions might have given rise to 
deep waters with a wider range of isotopic compoations. Dif- 
ferent source regions and the initial buildup of sizable glaciers 
on Antarctica could also have ser\^ed to introduce variabilit>- in 
the isotopic compositton of the deep waters; however, the data 
are not sufficient to explore these possibilities. 

The w'dl-documented isotopic shift across the Eocene-Oli- 
gocene boundarx^ is interpreted as cooling of the high-latitude 
ocean and deep w'aters by about 3°C (Keigwin, 1980). There is 
no maximum In isotopic variabilltx* associated with the 
buildup of continental ice during the mid-Miocene and Plio- 
cene-Pleistocene. Rather the record indicates a sudden, mono- 
tonic shift from one relatively stable oceanic state to another. 

In the Early Miocene the average variabilitx* increased 
again, but not up to the levels o! the early Paleogene, This 
change is not readily associated with major oceanographic 
dianges (see Figure 19.1), and the data are not sufficient to tell 
whether this shift to increased variance was relativdy sudden 
(as in the mid-Miocene and Quat?rnar\') or more gradual. The 
gradual shoaling of the calcite compensation depth and in- 
crease in the carbonate dissolution gradients (Heath et aL^ 
1977) through the Oligocene and Early Miocene suggest a 
slow% long-term change in the character of the deep waters 
during this time interx'al. 

An apparent maximum in variabilitx' is associated with the 
growth of the Antarctic ice cap during the mid-Miocene and 
suggests that some degree of instabilitx’ in this ice cap may have 
existed during its early grow th phase (Woodruff et al.^ 1981). 
In the Pacific Ocean, variation in the benthic oxygen isotopes 
was approximately the same before and after growth of the 
Antarctic ice cap; however, variability' in data from the Atlan- 
tic Ocean greatly increased by Late Miocene times. 

The development of northern hemisphere ice sheets in the 
Late Pliocene is associated with an increase in oxy gen isotopic 
variability’ that continues into the Quaternary' and reaches a 
maximum in the la^e Pleistocene. This increase in variance is 
readily associated with the fluctuations in the isotopic compo- 
sition of seawater caused by the growih and decay of conti- 
nental ice sheets. 

There are several keys to assessing the changes in the Ceno- 
zoic oceaas that may have led co changes in the variability' of 
bentliic isotopes. Changes m the global ice volume (which 
caused a 1.6 %c change in the oxy'gen Isotopic composition of 
the oceaas during the late Quaternary ) is clearly associated 
with two of the maxima noted in the historical record (Figure 
19.2). Such compositional changes may also be a.ssociated with 
the high variance of the early Paleogene (Matthew s and Poore, 
1980). 

By itself the range of oxygen isotopic compositions of mod- 
ern deep waters (0.57 %c) is clo.se to the range of variation in 


the Cenozoic record of benthic oxygen isotopes; how’e' er , the 
temperatures of these modern w'aterniasses are such that the 
isotopically heaviest waters [North Atlantic deep water 
(NADVV) at +0.12 %ej are also comparatively w'arm (about 
4°C), and the ^*0-depleted waters (Antarctic bottom water 
(AABW) at - 0.45 %o\ are cold (about E'^C). Thus, the tem- 
perature-fractionation effects of calcite precipitation on oxy- 
gen isotopes tend to offset the compositional differences and 
result in benthic foraminiferal tests with similar isotopic com- 
positions. 

The temperature and isotopic differences between mockrn 
AABW (at about 5«C and -0.15 %c) and NADW (at 4°C 
and +0.12 %o) tend to enhance the differences measured in the 
benthic foraminifera. If over long periods of time a site 
w'ere alternately bathed by NADW and AABW, the isotopic 
record measured on benthic foraminifera w ould have a vari- 
ance dose to that mea.surcd in most of the Cenozoic sites stud- 
ied. This suggests that the range of isotopic compositions of 
modern deep waters is at least sufficient to account for most of 
the long term Cenozoic variation in beitthic oxygen isotopes 
(excluding the large compositional changes associated with de- 
velopment of the cry'osphere). 

How' such a degree of long-term variation actually takes 
place remains unresolved. There are forr mechanisms that 
seem plausible: (1) changes in the isotopic composition of the 
deep waters at their area of formation; (2) changes in the tem- 
perature of salinity' characteristics of the deep w’ater masses 
[w hich might also be associated w ith (1) above]; (3) changes in 
the number of source areas producing deep waters of dissimilar 
isotopic composition; and (4) changes in vertical structure of 
the oceans that w'ould lead to fluctuations in hydrographic 
boundaries betw'een w aters of different phy’sical and/or iso- 
topic character. 

To evaluate the likelihood of any of these mechanisms oper- 
ating at a particular time, data are needed from sites that sam- 
ple a w ide depth range in several ocean basins. Such data are 
not available for the Paleogene but are now' being produced for 
the Neogene. The most common pattern seen in the Miocene 
data Is that of relatively low' variability* at shallow’ depths 
(<1500 m), moderate variability between about 1500 and 
4000 m, and increased variability below’ 4000 m. 

High variabiPty’ in tlie deepest : ites is not seen in Pliocene 
times. The Early Pliocene has relatively low variability' (0.01- 
0.03) at all depths except between 2000-3000 m. In the Late 
Pliocene, the data are rather homogeneous within the Atlantic 
and Pacific Oceans. There is some indication that variability 
increases .slightly w ith depth and that the Atlantic is more vari- 
able than the Pacific. These tendencies are statistically signifi- 
cant, but the data base is not large. During this time interx'al, 
northern hemisphere glaciatioas are thought to have begun 
(Shackleton and Opdyke, 1977). Although variance estimates 
for the Pacific Ocean are only slightly less than those of the 
mid-Miocene ice buildup in Antarctica, the amount of varia- 
bility estimated for this interval of northern hemisphere glacial 
buildup is no greater than that found in the .shallow er w aters of 
the Atlantic Ocean in the Late Miocene and is nearly the same 
as that estimated for the Pacific Ocean during the early Paleo- 
gene. Thus, relatively high isotopic variability* may be cIo.sely 
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associated with times when major changes occur in the average 
oxygen isotopic com|)osition of the oceans (such as during gla- 
cial buildup), but they may also occur in association with the 
creation of new, isotopically different types of deep and inter- 
mediate water masses. If the later mechanism applies, large 
differences in the variability of benthic oxygen isotopes may be 
found between different oceans and between different ^pths 
in the same ocean. 

The oxygen isotopic data presented here are dtsettssed in 
terms of only one simple statistical characteristic — its variabil- 
ity. Even with this simple tool, major changes in the deep wa- 
ters of the oceans can be discerned. Clearly, the record of pa- 
leo-oceanographic change is dependent not only on its position 
in time but also on its geographic and depth location. A more 
thorough understanding of the variability of the oceans awaits 
an evaluation of the spectral character of oceanic oxygen iso- 
topic variabilitx' that could take into account the relative im- 
portance of long-term and short-term oscillations. Questions 
concerning how such variance ^>ectra have changed with time 
and the likely mechanisms of such change await the gathering 
of longer time series and the further refinement of the geol >gic 
time scale. 
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INTRODUCTION 

This paper traces the major effects of seasonality on organisms, 
particularly in the sea, fiom both theoretical and observa- 
tional data. The tilting of the Earths axis of rotation away 
from the axis of the ecliptic produces a regular annual pattern 
of variation in the solar radiation received on Earth, giving rise 
to seasons. The seasonaliU' in sc lar radiation, greatest near the 
poles and loast under the Sun’s track, entrains variation in a 
vast array of physical environmental parameters including 
temperature, rainfall, atmo.spheric and oceanic circulation, 
salinity regimes and nutriert upwelling in the sea, and humid- 
ity on land. 

These parameters are highly important in the adaptation of 
organisms, and they affect in turn many other factors of great 
biological significance. The present pattern of seasonality is 
reflected in patterns in ^he biosphere. Patterns of seasonality 
must have been different in the past; the fossil record of pat- 
terns in ancient biospheres can be useful in understanding cli- 
matic change and its biological consequences. 


POPULATION RESPONSES TO SEASONALITY 
Intrinsic Population Features 

The logistic equation of population growth is a convenient 
starting point from which to evaluate seasonal effects on popu- 
lations. It is usually written 

dNIdt = rN(l - N/K), 

where N is population size, r is the intrinsic population growth 
rate, and K is the carry ing capacity' of the environment for that 
population. A population that is very small with respect to the 
carrying capacity will grow at a rate set by r until its deasity 
approaches K, when growth may be damped and the popula- 
tion size stabilized at an equilibrium value (Figure 20.1 A). 
However, a wide range of other population behaviors is possi- 
ble (May, 1975, 1979; May and Oster, 1976). If there is a time 
delay in response by a population to the operative factors in K 
(Hutchinson, 1948, 1965; May, 1973), the population becomes 
less likely to attain a stable equilibrium as the time lag in- 
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FIGURK 20.1 Diaj^ramniatic rcpresfntation of the dynamics dis- 
played b\‘ |)opa!atioas of overlapping Kerieratioas with a time delay in 
the rejjulatory mechanism. A, If time delay i.s .sufficiently .short a pi>p- 
ulation rna\ grow to a stable ecpiilibrium level, K, B, With a larger 
time delay and sufficiently high r a |x>pulation may at first nenetrate 
the level of A‘, to which it may be retiirnt‘d via d*. !n|xxl o.scillatioas. 
With still larger time delay and sufficiently high r, a population may 
oscillate indefinitely in a limit cycle rather than set‘king .stability at an 
e(iuilibrium level. D, As time delay.s increa.s«', and if r is still suffi- 
ciently high, the limit cycle breaks down into random oscillat'oas that 
can lead to extinction <jf the }X)pulation. These cx)ncrpts arc reviewed 
by May (1979). 

crea.ses. Most time delays are on the order of a year and are 
related to seasonality*. When r is sufficiently hij^h and the fac- 
tors in K are sufficiently slow to act, the population size can lx‘ 
driven above K temporarily. K may then be approached by 
damped oscillations that finally .settle on the ecpiilibrium value 
(Figure 20. IB). If the time lag is greater still, the population 
may penetrate K to such an extent that the sul^i^quent crash 
carries it considerably below K; r may then return the popula- 
tion to its former peak le>^el from which it will again crash, and 
the oscillations may continue indefinitely (rather than being 
damped) in a .stable limit cycle (Figure 20. 1C). Finally, if the 
time lag continues to increase, the stable cycle will break down 
into chaotic population deasity variations, the bounds of which 
increase so that at the lower bound the population size is below 
some critical low level from which it cannot rwover: extinc- 
tion easues. Thus, int.insic population properties even in a 
constant environmental regime can lead a population to range 


in behavior from stable to chaotic. Real populations must limit 
their downward fluctuations above some critical extinction 
|K)int, and indeed to a point from w'hich they may recover suf- 
ficiently to cope with subsequent inclement conditions. 

Seasonal variation in environmental factors further compli- 
cates population dynamics. In general, the greater such intrin- 
sic variation, the less the population, w^hich can be driven 
through the same wide range of behavior as discussed above 
(see May, 1979). All real environments vary to some degree, 
evoking appropriate adaptive responses on the part of popula- 
tioas. Seasonality is the most regular pervasive source of envi- 
ronmental variation. It is logical to ask, what sorts of adapta- 
tions do populations evolve in orde/ to cope with seasonality*, 
and what are the consequences? Adaptations to seasonality^ are 
referred to here as seasonal strategies. 

Extrinsic Deiuity-Independent Factors 

To endure in seasonal environments, populations must respond 
in ways that maintain their oscillations within some limited 
range. Two sorts of extrinsic factors are recognized (Smith, 
1935). Density-independent factors affect organisms without 
regard to whether there are few or many individuals present. 
Most effects of physical climatic factors are of this jort. The 
lethality* of a temperature change, for example, dots not ordi- 
narily* depend on population size. Detmtij -depet td^nt factors, 
on the other hand, have increasing effects as population size in- 
creases. They form comjwnents of /C in the logistic eejuation. 
Many biological and some physical factors are of this sort; 
commonly they involve a factor, such as food supply or habitat 
space, that can be used up. How-ever, as emphasized by An- 
drewartha and Birch (1954), any factor that is density’-inde- 
pendent can become deasity-dependent in .stime circumstances. 
It is better to speak of density*-dependent and -independent 
processes or effects. 

Density-independent processes play an important role in 
shaping the individual tolerances of organi.sms and therefore 
the modal niches of {xipulations. This must be particularly true 
of sea.sonal fac^irs becau.se they impose annually reciirre it ef- 
fects, although with somewhat variable intensities. Selection 
arising from density- inde|x.*ndent processes tends to act most 
.severely rear tht margins of .species di.stributions. where even 
small departures from normal conditions may exceed the toler- 
ances of most individuals. It causes ‘ stabilizing’* or ‘’centripe- 
tal” evolution. If the environmental regime changes, selection 
mu.st adjust to tolc.anc'cs and rates .so as to be adapti\ e to the 
new conditions: this caases ‘ directional” evolution. If the 
changes arc too h;rge or abrujit for evolution to track, extinc- 
tion ensues. 

Although they act independently of population .size, it is pos- 
sible for deasity-indejiendent factors to control population 
deasities at levels below* those at which density-dependent 
effcxrts occur (Andrewartha and Birch, 1954). For example, 
density-indei)cndent mortality may occur so fre<juently that 
populations never reach their carrying capacities. In this case 
it is po.stulated that selc*ction favors a high-reproductive poten- 
tial (r selection). When environments are relatively* stable and 
populations at their carry ing capacities, on the other hand, it is 
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postulated that selection favors adult efficiency in utilizing 
resources (K selection) (Ma^'Afthur and Wilson, 1967). 

ExtrituHc Detisity-Dependent Factors 

The strategies that can be employed in resjwnse to seasonality 
have been investigated by Boyce (1979). He modeled the rela- 
tive fitness of individuals with different c'ombinations of three 
properties that seem particularly relevant to density-depend- 
ent selection: (1) intrinsic reproductive poicntial (r); (2) level 
of resource demand (D); and (3) population decay when re- 
sources are inadequate ( 2 ) — almost the opposite of (r). Boyce 
calculated the relative fitness of individuals with contrasts in 
these properties in different regimes of seasonality and at dif- 
ferent population densities. The results are displayed in Fig- 
ure 20.2. 

In case A (Figure 20.2), individuals with higher r have the 
higher resource demand but resistance to inclement conditions 
is equal, compared with low-r individuals. The hig i-r individ- 
uals have the higher fitness over a range from low to high sea- 
sonality, except at very high population deasities, when their 
high resource demand becomes a significant liability. Case D is 
similar in that the high-r individuals have the higher rest)urce 
demand, but they have more resistance to inclement C‘ondi- 
tions than do low-r individuals. High-r individuals increase 
their margin of fitness in more highly seasonal conditions at 
low population densities. At very high densities, however, the 
high resource demand still poses a significant liability and indi- 
viduals with the lower r bet*i.... the more fit. 



FIGURE 20.2 Models of the reproductive potential (r) and carrying 
capacity (K) of )K)pulations over a range of sea.sonalities and reM>urcv 
supplies (resource supplies are inversely proportional to mean deasi- 
tits). D is resonrce demand, Z i.s rate of population decrease. 1 he pop- 
ulation with the higher reproductive ptUential is always the fitter at 
low seasonalitk^, and it is also the fitter at high seasonalities if Z is 
etjual to or lower than in the otlier {xipulation (ca«^s A and D). How- 
ever, the population with the greater resistant'e to decrease (smaller Z) 
is the fitter under highly seasonal conditioas (after Boyce, 1979, 
copyright U. of (Chicago Pn^ss). 


Cases B and C have rather different outcomes. In both of 
these cases the high-r individuals have less resistance to incle- 
ment conditions than do low-r individuals. These high-r indi- 
viduals remain most fit in the less seasonal environments but 
are least fit in highly seasonal c'onditions except at high densi- 
ties. In case B both kinds of individuals have equal resource 
demands and ecpial fitness at the highest density. In case C the 
low-r individuals have the higher resource demands and there- 
fore have less fitness at high densities. 

It is vident from Figure 20.2 that adaptation is more diffi- 
cult in environments with greater seasonality. Fitness always 
falls with increa.sing seasonality. Similarly, the carrying 
capacity' is always lower in highly seasonal environments (a** 
indicated by the curves of the fitness dimension of the seasonal- 
it>'-fitness faces in Figure 20.2). Similarly, the carrying capac- 
ity is always lower in highly seasonal environments (as indi- 
cated by the curves of the “mean density” dimension on the 
basal sea.sonalit>'-mean density faces in Figure 20.2). The two 
main seasonal strategies are (1) to increase reproduction and 
(2) to fortify the populatioas against decrease during inclement 
conditions. The reproductive strategy' has no special damping 
effect on population oscillations but prevents extinction by 
returning the population size rapidly tow ard K or beyond. It 
might result in rather large size fluctuations, but if successful, 
c-onstrains them within limits (the lower significantly above 
zero) to give rise to a limit cycle. In the model these strategies 
(reproduction and fortification) .seem about ec}ually effective, 
although w hen greater n*source demands are involved the for- 
tification strategy is least affected. 

Observatnn of species in highly .seasonal environments 
reveals that ti:rr:c strategies are in operation in nature (Boyce, 
1979). Mammals provide many terrestrial examples. Some 
have larger litter sizes in more seasonal (high-latitude) envi- 
ronmenb' (Lord, 1960), following the strategies indicated by 
ca.ses A or D. Other mammals in .sea.sonal environments follow' 
the fortification strategies. Some, such as hib.*rnating forms, 
put energy' into resourc*e storage rather than into reproduction, 
following the strategy' of case B; others grow' to larger body 
.sizes in sea.sonal regimes, buffering the effects of seasonality' 
and thus following the strategy of case C. 

Marine Populations and Seasonality 

The fossil record of the marine .shelf and shallow seas contains 
the most diverse fauna and embraces the greatest time span of 
all environmental realms. It is thas of interest to dciermine the 
seasonal strategies of .shelf invertebrates. In the shelf realm 
there is trend from high -reproductive potentials among spe- 
cies in regions w'ith little seasonality' to low -reproductive po- 
tentials in sea.sonal regioas (Thorson, 1950; Mileikovsky, 
1971)— just the opposite of w hat is expected of the reprodur 
live strategies in cases A or D. Plausible explanations have been 
propo.<;ed for this trend in r. In less seasonal regions (such as the 
tropics) there is a relatively stable resource base in the water 
column— photo.synthesis goes on at about the same intensity all 
year— and most shelf species have planktonic larvae that feed 
in the water column (planktotrophic larvae). Such species can 
produce many eggs, becau.se nourishment need not be fur- 
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nishixl to tht* larvae. Planktot-opliy is prol)af)l> fa\'ored In 
selection 1m ‘cause it aids dispersal and enhamvs recruit nieiit in 
an environment densely populated and rich in rather spwial* 
ized species and therefore patchy iti o|>port uni ties. Inverti*- 
brates in stable shallow-water environments tend to be both 
r- and K-selectai (Valentine and Ayala, 1978). In highly sea- 
sonal regimes (such as in high latitudes) tnost l)enthic inverte- 
brates have a relatively small number of large yolky eggs: the 
young feed in the egg but hatch as nonfeeding larvae or as min- 
iature adults. Each egg retjuires a coasiderable investment in 
energ)' and therefore fecundity is low, but clearly the chances 
of reproductive success |xir egg are higher than for plankto- 
trophic forms, provided as they are w ith food and more or less 
protected during development, often by brooding. In terms of 
Boyces models, highly seasonal marine invertebrates follow' 
case B or C strategies; the difference depends on w hether their 
reproductive effort is equal (B) or greater (C) than inverte- 
brates in less seasonal environments. It thus appears that 
marine invertebrates in seasonal environments are neither 
r- selected nor K-selected (Valentine and Ayala, 1978) but fol- 
low a strateg>' of developmental fortification. 

Why this pa»^ticular strateg\' has bwn selected, rather than 
an r strateg)', is piobably explained by the energetics of fluctu- 
ating populations. Imagine a |K)pulation in a .seasonal environ- 
ment that is subject to such an inclement season as to suffer 
fairly heavy mortalih ' — x j>ercent. This must be made up via 
reproduction and (assuming deaths are random w ith respect to 
age) growth. In a more extreme (more highly seasonal) envi- 
ronment, mortal it\ might be 2x percent. To make up hir this 
heavier mortality, reproduction and growth mu.st 1 k‘ corre- 
spondingly greater, and more energ\ must be consumed to 
sup|K»rt this greater effort. In each case the population has only 
until the next inclement .st‘a.son to return t(i a condition suffi- 
cient to co|K‘ with the amini pa living wave of mortality. In 
general, then, under conditions of st?a.sonally imposed mortal- 
ity, the more a population fluctuates, the higher the cost in 
terms of energ)’ use. 

Bt‘cau.se carrying capacities and fitne.s.sc‘s are low in highly 
seasonal environments (Figure 20.2), additional pro|H‘rties 
ma\ he re(|uired of suetes.sful species. One strategv is to 
iKX’omc ecologically general i/ed, oeciirring o\er a firoad 
region in u w ide variety of hahitats and indulging in a catholic* 
diet. In this way a .sjKX*ies in a .si*usonaI regime may imunlain a 
large |>opulation hut will cover the lunelional range of numiMT 
(»f Denial i/ed speeic\s in stable environments. In a .st*nsc* such 
ad'iptalions rt‘pres(‘nt a fortification strategy, si nee during in- 
clement periods general i.sts are likely to lie aide to .siilisist on 
such food items as happen to lx* avail able and may ocviir in 
areas and in hahitats thal are least severly afft*c*U‘d by (he 
aclverst* conditions. It seems likely that u generalist strategv 
would maximize fitnevs under the eireum stances. 


DIVERSITY AND SEASONALITY 

Diversity (.spc^cies riehne.s.s) patterns have attracted w ide atten- 
tion and controvers)’. They are )f(#*n interpreted as climate 
related and if so would lie usc?ful in paleoeliinatology for they 


represent one aspe^et of hi otic* structure that can Ik? inferred 
from the fossil rc*cord. Tl.ey are also of potential interest in pre- 
dicting biotic rc'spoase to future climatic change. 

The strategies outlined alxive jjermit the survival of perma- 
nent communities in the “boom -and- bust” economies of 
highly seasonal environments, even with their low carrying 
capacities. At base, .sjx*cies persist by minimizing the effects 
of the .se asonal fluctuations. The .sea.sonal .strategies, however, 
are resourc'e-inteasive. The available trophic resources must 
be apportioned in large shares. This places a limit on the 
numl)er of species that can lx? accommodated in communities 
in seasonal regimes. In regions of low seasonalify, resources 
are continuoasly available or nearly so, and carrying capacity 
is much higher |>er unit of resource. The resources may there- 
fore be partitioned finely among numerous different species, 
w hich can have sma 1 populations and speciahzed habits since 
they can rely on a .steady resource supph' and need not regu- 
larly undergo energetically expensive fluctuations in popula- 
tion .size. 

Insofar as can be told from available data, the correlation 
of seasonal ity and diversity .seems high in modern oceans 
(Valentine, 1971, 1973). The well-known latitudinal gradi- 
ent in diversity parallels the latitudinal gradient in seasonal- 
ity. Additionalh’, patterns of trophic resource seasonality that 
are created by hydrographic factors— alternations of nutri- 
ent-rich and nutrient-poor waters — are particularly impor- 
tant in ocean climates, fxx'ause perturbations of the oceanic 
w ater column lead di recti \ to nutrient supply (net upwdling) 
or removal (net dow'mvcJliiv'V Horizontal curreiits also 
change nutrient -poor for nut u *il rich w'ater on a .seasonal 
basis in some regions (as ahing the northeastern American 
coast). 

It would obvioiLsly Ik? much to the point to compare the 
modem pattern cf marine diversity, tiormaliziH.! to some stan- 
dard mca.sure, with the pattern of seasonality of productivity' 
in the ocx?ans today. Diversity data, though sjxHty, are im- 
proving and are probabb' sufficient to determine broad 
global pattt?rns. The pattern of .seasonality of productivitv’, 
however, I ; not known from ob.st*rvations, which arc re- 
stricted to only a few scattered localities (there is a great lack 
of winter data). It must Ik* inferred from general principle's 
aiul lioiii the hydmgraphic patterns. Not to be possessed of 
actual oliservations .sufficient tf) produce a maj> of global 
marine seasonal it\ of productivity is a st*rious gap in our 
knowledge o* the oceans and of the glol)al eco.system . Gener- 
al 1\’, diversity di.spluys an inverse* relation to nutrient st*a.son- 
alit\ , ju.st as it does to solar seasonality* whenever trends can 
Ik* inferred (Valentine, 1973'. 

Factors other than .seasonal it v’ afUet local patterns of sjk»- 
eies richness. Some factors act to restrict the sizes of poj)ula- 
tions .so as to rcleast* resources than can Ik* utilized by addi- 
tional |KJpulations. PrenJators may have this effect (Paine, 
1966), and ph> sical di.sturbancc* can also free rcsourc*es, often 
f)y increasing .spatial jialchiness (Dayton, 1971). There is no 
evidenc*e that global trends in predation or in disturbance reg- 
ulate global diversities, however. Other possible diversity con- 
trols have bcK*n .suggested, but w'hen all are considered it seems 
reasonable to conclude that the c*ffects of seasonality have the 
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largest claim to both theoretical and empirical bases (so far as 
the data are available) sufficient to expluifi global diversity 
patterns. 


SEASONALITY PAST AND FUTURE 

If seasonality is indeed the major determinant ol global diver- 
sit>* patteras, then the major diversity trends as registered in 
the fossil record should indicate past patterns of seasonality. 
Diversity trends can be observed when the record is studied on 
a hemispheric or global scale (for example, Stehli, 1970). Fur- 
theimore, techniques are available to test hypotheses of sea- 
sonalih' based on diversity patterns. Seasonal growth rh\ thms 
are commonly recorded by tree rings and by shell -growth in- 
crements in shallow marine invertebrates. Indeed, rhythmic 
patteras in the growth of stromatolites (Panella, 1076) and in 
the deposition of iron formations (Trendall and Blockley, 
1970) are interpreted as suggestive of seasonalit)' in rocks over 
2 billion years old. 

Although seasonal patterns have not yet been systematically 
followed through time, it is clear from the data available that 
seasons have varied coasiderably. This has probably been in 
large part due to effects of plate tectonic* processes, to the 
changing geographies of land and sea, to mountain ranges, to 
ocean currents, and to sea-level fluctuations Biogeographic 
patterns are strongly affected by such changes, as indicated by 
other chapters in this volume. Seasonal patterns and their 
biotic reflections should also be affected. 

In the geologic rec-ord there are indications that some peri- 
ods were characterized by relatively broad, equable climates, 
when tropical (or at lea.st low-latitude) faunas penetrated 
much further poleward than they do today, and latitudinal 
provinciality was relatively low. Indeed, during much if not 
ail of the pre- Pleistocene, the record suggests a weaker lati- 
tudinal marine provinciality than today’s (Valeii^ine et a/., 
1978). At some times, as in the Jiiras.sic (set* Chapter 17), there 
seem to have lxx*n only one or two marine provinces between 
e<|uator and |Kde. Thrw or four may lx* inferred at other 
timers (perhaps during the late CretaetH)us). Today, by eoii- 
^ra.st, ♦^he.e are six or seven si*parute maririe-.shelf provine^vs 
ah>ng th • northeastern Pacific shelf betwtrn the c(|uator and 
j)oIe (Vr lent ine, 1966). 

An important (juestion is, how are patterns of mar<ne sea- 
sonality affected whtm climates broadeiir' Because we can 
probably assume that the giudient in sc*asonality of .solar radi- 
ation has IxJtm about the same during the Phanerozoic, the 
rjuestion becomes, how are patterns of sea.sonality of nutrient 
.supplies affected when climates broaden? It is po.s.sible to de- 
velop hypotheses that suggt‘st a general ri*duction of nutrient 
.seasonality with warmer poles and broader cliinates, although 
the subject is .so complicated (.see C'hapter 14) that the opposite 
notion, relating higher nutrient sc!a.s()nality to a broader 
climate, cannot yet In? ruled out. The question might lx* solved 
by cf>rjtrasting diversity patterns c)f more broadly zx^ned with 
tht;sc* of more r»arrowly zont^s jx*riods. Additional important 
Cl f . other factors that can significantly alter the 

nutrient regime and tlierefore the si*asr>nal pattern of produc- 


tivity in the w'orld ocean. Such factors may include the pattern 
of continenlality, of narrowne.ss or breadth of oceaas, of the 
width of continental slidves (the height of sea level), the pre- 
valence of ea.st-west versus north-south coastlines, and the 
geography of ocean gateways. Many such questions can prob- 
ably be tested, with care, from fossil-diversity data. 

In conclusion, .seasonal it>^ apixars to be a significant pa- 
rameter in stiuciuring the biosphere, and it would seem rea- 
sonable to encourage research efforts in two main areas. One 
is in recording and interpreting the pattern of seasonality of 
productivitv' in the present oceans: this is one of the more im- 
portant and lia.sic pieces of information al)out how the present 
world operates and its collection is quite technically feasible. 
The second area is in determining the global patterns of ma- 
rine diversity of the past. When local effects are filtered out, 
these patterns should reflect the patterns of marine sea.sonal- 
iK*. Their relatioas can then be tested against the breadth of 
past climates and other relevant factors and employed in con- 
structing models of pre-Pleistocene climates. 
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INTRODUCTION 

In principle, enouj^h ^eoloKic data of climatological import 
have been available for man>’ years to enable climatologists to 
attempt gloluil enniatic reconstructions for the Paleozoic. 
However, onl> in the past few di*cades, particularly widi the 
ad\ <‘!it of plate tt*c‘tonic concepts, ha.s this information begun 
to Ih* syntlu*si/c*d in a manner that makes it usable tt> the cli- 
matologist. Lithofacies data with climatic implications, for 
example, are now available for the Palwizoicon a globu* scale, 
and biogtHigraphic data are lK*ing syntht^iztcJ for the major 
time intervals. But mc»st classes of information are not ade- 
(juately compibHl, and others for wliii li .vuthest?s exi.st art for 
such relatively broad time ntervals that they will «mfu.s(‘ at- 
ternjrts to gain climatological unrler.standing. Our pur{K>s(' in 
this pajHT is to review categories of information useful in 
recorrst meting Palcnizxiic climatic. We Ix'gin with thost? most 
readily available and mosi im|M>rtunt and conclude w ith some 
that, while little exploited, may provide im{Kirtani sup- 
pleinentary data. We present some example's of how these data 
have Ixx'n u.sed climatological I y in the Paleozoic, and finally, 
using several categories of information, we provide an exam- 


ple of how’ th^ data might be used to interpret Silurian-De- 
vonian climates. 


PALKOZOIC CLIMATIC INFORMATION 
Biogeofiraphy 

The data of Paleozoic biogeography are readily available in 
wveral volurm?s, t*dited by Middlemiss el at. (1971), Hallam 
(1973), Hughe'S (1973), Ross (1974), and Gray and Boucot 
(1979). These volumes include pa|x?rs cmering many PaltM> 
zoic organisms but chiefly shallow -water, marine inverte- 
hiates. The ewerage is by no meaas encyclopedic, but it isex- 
teasive enough to provide an approximate biogeography for 
the Pal(3ozoic Periods. 

What data does biogeography provide for the climatolo- 
gist? In view' of w hat we understand of modern biogeography 
we can conclude that the animals and plants of any biogeo- 
graphic unit were in reproductive contact and that the envi- 
ronment within the unit had a certain level of uniformity^. 
Thus, a shallow' -water hiogerrgraphic unit of contii^tal -shelf 
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depth based on sea diells (as are most of the Palwwie units) in- 
dicates a water mass having relatHely uniform profHjr ties and 
a shallow-water circulation system j)ermitling reproductive 
communication. Although the larva! stages of some marine 
benthos are capable of long-ranf^e trans|K)rt within the plank- 
ton (teleplanic species), it ap()ears that most species do nut 
belong to this category. The taxa characterized by long-range 
trans|x>rt ard ctmstHiuently more cosmo|M>litan distribution 
do, however, yield Information about s<mie aspects of long- 
range, shallow -current circulation. 

In the iionmarine environment, Paleozoic data are ai.uo.^t 
exclusively for post-Dev'onian woody plants. Animals, verte 
brate and invertebrate, of the nonmarine environment arc tot 
rare as fossils to be of practical value, although future stud\ 
may alter this condition. With plants we deal cfiiefly with 
megascopic structures, but global studies of pollen and spore? 
are beginning to pro\ ide supporting data. 

Additionally, Paleozt biogeography provides direct infor- 
mation about climates and climatic gradients for the Periods. 
Taxonomic diversity' at all lev'elr from the species througli the 
superfamily tends to be significantly lower in cold or cool 
(temperate to glacial) climates than in warm (warm temper- 
ate to tropical) climates (Stehli et aL, 1967; Steldi, 1968). 
Boucot (1975) summarized diversity' data of this ty'pe for the 
Silurian and Devonian. Warm and cold or cool biogeographic 
units may also lx? indicated In' the diversity present in benthic 
marine animal communities. Cold- to cxxjl-water communi- 
ties tend to have a much smaller number of sjx?cies per com- 
munity than do warrn-w'ater communities. There is also a ten- 
dency for the shells of organisms of cold- or cool-w ater units to 
be smaller and thinner than those of warm water units (Nicol, 
1967). 

The climatologist .should recogm/e liiat levels of provincial- 
isn. increa.sc* and decrease during the Paleozoic (see Boucot 
and Gray, 1979, for a brief summary of provinciali.sm from 
the Cambrian through the Permian). These changes are prob- 
ably the results of many interacting forces such as changes in 
global climatic gradients, palwgeography, and shallow -water 
circulation .systems. 

Carhonate-Noncarhonate Litfw fades 

Boucot and Gray (1979. 1980) emphasized in general terms 
the climatic imjxirtance of carlxinale and noncarbonate sedi- 
mentary rock s^?t^uenc^"s. Heckel and Witzke (1979, pp. 
99-103) provided a detailed discussion of how carbonate r<x‘ks 
' (\ l«‘ used for purjx).ses of climatic analysis in the Paleozoi •. 

1 v idence indicates that carlM)nate rock* (limestone and dolo- 
mite of .sedimentary origin) asually denote tropical t.. warm 
temperate conditions and that r(»gions lacking .such rock ty|x*s 
in the marine faciei probably were tem|x»ratr* to cooler. We 
have summarized above sc^me biologic data that parallel the 
lithofacies evidenct‘. C(m)I - climate, mmcarlxmate scxliinen- 
tary racks commonly are richer in unweathered mica (which 
imparts a ..litter t<> the bedding planes) than warm climate 
noncarlx>nate rexk secpieictrs. When nom‘arlM>nate sc^piences 
are found in warm climates the> are commonly a.sscx?iated 
with at least some redbed.s (ma 'ne and nonrnarine) and other 
evidence favi>ring an interpretation of w arm climate. 


Howeve'., dimatie inteq>retation d a noncarbonate rock 
jseijuent/* recjuirc^ a large sample; It cannot be based on dhgle 
ock samples, nx'ks of a single itiadcnit, or rocks oLa^jii^e 
limited 'geographic area. When ah ^.tire region has be^ stud- 
ied, however, the diniatic conclusions have a hif^ of 

reliability'. 

Co^l 

The climatic significance of coal has been dlscuMied briefly by 
Boucot and Gray (1980), who cited previous revie . s hy Krau* 
.sd (1964) and Schopf (1972) dealirig with (he dlstributioh and 
paleodimatic significance of coal. Coal depcMdts indicate hlg^ 
humidity in association with diher hi|^ or low temperature, 
as well as c'ondltlons adequate for the preseAation of orpintc 
material. Slmilai observations were made by Davis 0913). 

In the Paleozoic, coals occur in both types of dimatie 
regimes — in the cool, high -humidity' climate of the Gond- 
wana R^lm of tlie L ate Carboniferous-Early Permian and In 
tile major warm, h'gh -humidity* dimate of the extra-Gi^- 
W'anic Realms (Gray and Boucot, 1979). Hed^i (1977) 
showed that the North American distribution of major warm- 
climate Penasy'lvaiiian ecals is wdl removed from contempo- 
rary- evaporites. The areal distribution of coal belts rdative to 
pvaporite belts as well as scattered paleosols can thus provide 
climatic information. HeckePs approadi assumed that local 
orographic, rain-shadow effects will probably nut affect the 
geologic record enough to prevent interpretation of broad 
climatic belts. However, some Paleozoic coal deposits will 
probably have to be explained in terms of local orographic 
pertui ba'ions. Heckel (The University Iowa, personal cotn- 
munication, 1981) suggested, for er.a!nple, that thin, uonmiii- 
able coals and evaporites of Pennsylvanian age in Colorado 
were deposited in the rain shadov' of the ancestral Rockies, 
althougli other interpretations are possible. Knowledge of 
local phenomena should make an orographic appeal rational 
in some cases. 

Meyerhoff (1970) provided an excellent global summary* of 
the distribution of Paleozoic coal deposits. Coals are virtually 
af>sent prior to the Late Devonian, w hen, pres«mably for the 
first time, enough land plant debris Ixxame available in suit- 
able preserv'ational sites to provide materia! for extensive coal 
de|M)sits. 

Evaptmtes 

Evaporites, derived chiefly from marine water, form today in 
arid regions with ready access to the sea. In addition to an arid 
climate in which ev'aporation exc^jeds freshw'ater input, li Is 
nece.isary' that there be limited circulation betw'een the evapo- 
rating basin and the oceanic reservoir the wat^s -scom- 
bim* before those of the evaporating basin approach salinities 
compatible with precipitation of e\a]x)rite minerals, '^hijs, 
e\a|xirite deposits may be absent in regioas bellev'ed L'om 
other ev'ickmce to have been arid during tl»e Paleozoic. More- 
over, the prm^nce of e-zaporites during ev ery Paleozoic Pt?riod 
d(x*s not imply that all parts of the Period were arid. For ex- 
ample, during the Silurian, an interval of about 30 million 
years (m.y.). ev'a^iorites are wlctespread In middle latitudes 
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during; the Late Silurian but are rare during <.e Early Silu> 
r;an. In addition, the width of past exapoiite belts is partly a 
function of the global climatic gradients present during each 
time interval. For a further discussion of the climatic signifi- 
cance of e\^aporites see Chapter 10. 

Evaporite c^x)sition is incompatible ^*'ith the climatic con- 
ditions diaracteristic of coal formation. Therefore, the distri- 
bution of coe\'al coal and e\'aporite deposits can provide an in- 
dex to humid and arid climatic Mis (Heckel, 1977: Heckel 
and Witzke. 1979). although coals are not sufficiently abun- 
dant prior to the Late De\'onian for this purpose. Me\'erhoff 
(1970) provided a useful Period-b\ Period summar\* of Paleo- 
zoic evaporite distribution. 

Redbeds 

In the geologic record, a high cx>rrriation exists bet'veen warm 
climate indicators and the presexwe of both marine and non- 
marine redbeds. Redbeds are defined here as detrital sedimen- 
tar>' sequences containing many red interbeds, as well as yel- 
low and orange rocks. Ceologi<Nmineralogic studies indicate 
that much of the red, yellow, and orange pigment consists of 
iron minerals oxidized under near-surface terrestrial condi- 
tions before being incorporated in the sedimentar\^ record 
(Walker, 1967. 1975i. Howex^er. older redbeds may be eroefed 
and redeposited under climatic conditions entirely different 
^-om those under which they formed. Modem intertidal- 
shallow subtidal red sediments found near the ht ad of the Bay 
of Fundy% Nova Scotia, and derived from the weathering and 
redeposition of Triassic beds are a good example ^5 this phe- 
nomenon. In addition, ♦^here are diagenetic processes capable 
of producing red, yellow' and orange minerals that have little 
to do with the ordinar\* surface climatic condition responsible 
for the formation of these pigments. 

Gray and Boucot (1979) review ed some of the previously 
sx nthesized data relating to the distribution of Paleozoic red- 
beds. Global sunjmaries for many of the Periods do not exist, 
although many raw data are available in the geologic litera- 
ture. Nor are sy ntheses available for the distribution of red- 
beds w iLiin the Paleozoi*' -'criods, even from secondary' sources, 
such as regional geologies. What data have been sx nthesized. 
however, are coasistent w ith the conclusion that redbeds are 
indicators of w arm climates both past and present. For addi- 
tional discussion of climate and redbeds, see Chapte’- 11. 

The presence of redbeds in one region for a part of any Pale- 
ozoic Period does not necessarily indicate that conditions .suit- 
able for redhed formation characterized that region during 
the entire Period. The Paleozoic Pc’^iods are lengthy, and con 
ditions changed from place to place within as well as between 
Periods. 

Plant Morphological Features 

A variety' of gross morphological and anatomical characteis 
recognizable iv Paleozoic plant megafossil remains represent 
adaptations to y nvironmental parameters that can be climat- 
ically interpreted (see Potonie, 1911: Wiiite, 19i3, 1925, 
1931; Noe, 1931; Krassilov, 1975, for Paleozoic ’ yrmplcs). 
The basis for such interpretations are the autecologica! adap- 


tations found among liv ing plants, many of w'hich are summa- 
rized by Daubenmire (1974), Richards (1979), and others. To 
use characters found in fossil plants as a basis for paieoenvi- 
ronmental interpretations, it is necessarv' to assume that plants 
grow'ing under similar circumstances and stresses have alw'a» 
adapted in the same morphological and anatomical manner. 

It is also necessarv' to assume that analogous features in fossil 
plants earr^' the same environmental connotations that they 
do in living plants. It must be borne in mind, howev'O', that 
the adaptive signincance of morphological characters of 
largely extinct plants, unrelated or only distantly rdated to 
living plants, may be different, particularly if there is conflict- 
ing biological and/or physical information. Moreover, the 
precise climatic variable — for example, temperature or mois- 
ture — to which the adaptation is a physiological response is 
not alw'av’s dear, ev'en w'hen interpreting varied iiRHrphologi^ y. 
cal features in modem plants (see Dolph and Dildier, 1979). 
Finally, tlie phvriological response to different climatic vari- 
ables, perhaps ev'en the opposite climatic variable, may lead 
to the same morphological adaptation (White, 1931, p. 272). 
How ever, when the varied morphological ami anatomical 
data"^reinforce one anotiier, and w'hen thev' reinforce^nd bol- 
ster other data from the physical environment, they can prove 
an important source of paleoclimatic information. 

Leaves are often regarded as among the most sensitiv'e of 
plant structures to climatic conditions as thev' are the most ex- 
posed; roots the least as they- are sddom exposed. There are 
specific ty'pes of root adaptations, however, that proyide defi- 
nite environmental information. Among the varied morpho- 
logical and anatomic*al sources of environmental data in the 
Paleozoic are diverse features related to leaves (size, texture, 
gross morphology-, and anatomy ), tree rings, and other ana- 
tomical features conned id yvith yvoody stems, varied adapta- 
tions connected yvitli reprodudive structures and roots, and 
groyvth habits. 

Specific attributes of lei.ves that are regarded as enviror- 
niental adaptations are texture (soft, delicate, thick, leathery', 
or coriaceous), size, surface hairs, scales and glands, the ar- 
rangement, number and position of stoniatcs and varied ana- 
tomical adaptations related to cell size and cell wail thickness, 
intercellular spaces, and the development of certain tissue 
ty pes. Tyvo examples illustrate how' th»s information may be 
interpreted environmentally. Many of the leaves of the Her- 
mit Shale (Permian, Arizona) are very' thick and leathery' and 
have a scaly covering. White (1929, p. 21) interpreted such in- 
formation, w hich reinforces other data bearing on the climate 
of that area, as indicating “a semi-arid climate with a long dry- 
season The “reduced, coriaceous and generally densely 
villous leaves" of Mississippian plants from Illinois suggesvi d 
to White (1931, p. 272) similar !in.fayor.''.ble conditions of 
grow th yvith a climate “characterized bv severe droughts," or 
with soils po.ssibly “overdrained during dry seasons." provid- 
ing ■ llher ca.st evidence of seasonality'. 

fee rings or grow th rings in w'oody plants have been used 
exteasively as a basis for making climatic deductions through- 
out geologic time. Compilations of tree-ring records for vari- 
ous interv'als of geologic time are provid^nJ by Goldring 
(1921), Antevs (1925), and Chaloner ar;d Creber (1973). Such 
rings are knoyvn to be common in living w'oody plants in envi- 
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ronments with marked seasonal lt>% whether wet-dr>^ seasonal- 
ity or a seasonality^ that reflects temperature changes. In these 
circumstances, tree rings represent annual increments of wood 
laid down fdlowtng a period of growth dormancy. Con- 
versely, the absence of growth rings is belie\*ed to imply a 
more equate ^imnte, In whidi growth occurred throughout 
the year. 

In dediKang information about andent climates from tree 
rings, it is important to recognize that rings of a nonannual 
kind may be correlated w id) a variety of factors including Are, 
droi^t, disease, frost, floods, and defoliation among others. 
Antevs (1925), Tomlinson ami Crai^iead (1972), and Chalo- 
ner and Creber (19731 discussed possible limitations to the use 
of tree rings in ^vironmentaJ interpretation. Tomlinson and 
Cral^iead (1972) and Chaloiier and Creber (1973) noted a va- 
riety^ nondimadc factors that influence growth ring forma- 
tion. In addition, it is essential to reo^nize that tl^ presence 
or absence of tree rin^ in woody stems may be an unr^able 
guide in some circumstances to present climatic conditions, 
and by implication to climatic conditions of the past. For ex- 
ample, Tomlinson ami Crai^iead (1972) noted diat in the dis- 
tinctive woody flora of ^btropical south Fk>rida, whidi mixes 
tro{Mcal and tempc^te plants, there is so much variety and vari- 
ability' in growth ring formation that it Is difflcult to And any 
dimatic corrdation. As a result of thdr studies in this region 
they write . . trees within a single dimatic zone and vegeta- 

tion type may or may not exhibit growth rings .... One is 
forced to the condusioii that the ability to devdop growth 
rings is primarily cfetermined by the genetic make-up of the in- 
dividual species and onlv in a limited number of ^ledes is 
there a corrdation with dimate such that one distinct ring pei 
year Ls produced** (Tomlinson and Crai^iead, 1972, p. 49). 

The Paleozoic examples that follow presume that the pres- 
ence of growth rings implies seasonality and t!^ absence of 
growth rings lack of seasonality. The possible complications in 
this interpretation, noted above, should be borne in mind, es- 
pedally where there may be conflicting biological and/or 
phv'sical information. Arnold (1947, p. 391) provided a strik- 
ing illustration of a stem of CalHxylon from the Upper Devo- 
nian of New York State tiia! shows v'hat appear to be well-de- 
vdoped growth rings. How'ever, Chaloner and Creber (1973) 
discussed other examples of Callixylon froir Upper Devonian 
strata, including materials from the eastern and central 
United States and Europe, that show no growtli rings or only 
very' obscure growth rings. Chaloner and Creber (1973) con- 
duded from their limited survey of Devonian woody plants 
that some show' growth rings, but they suggest that the rings 
are less pronounceci than would be expected from woody 
plants at comparable latitudes at this time. White (1931) used 
the slight devdopment or even '‘obscurity of annual rings” in 
Carbondale age floras of Indiana and Illinois together with 
other features of the vegetation to suggest ger.eral equability’ of 
temperature. Plumstead (1963) reported an example of silici- 
f:ed wood from Lashly Mt. (Antarctica) of Middle to Late De- 
vonian age that shows “closely set annual rings indicating slow' 
growth and marked seasons.” Examples of Permian gv'mno- 
spermous woods from Antarctica that show broad and well- 
marked g**owth rin^ are provided by Schopf (1972; see also 
Plumstead, 1965). 
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Other anatomical features of fosril wood with pcssibie di- 
maAc rignificance are discussed by Noe (1931). 

The habit of cauliflory' (bearing of r^roductive organs di- 
rec^y on the stem) is typical today of many tropical n:inf6rest 
trees. Although some examj^es of cauliflory' are known for the 
Paleozoic (see White, 1913, 1931; Noe, 1931), Potonie (1953, 
as dted in Krassilov, 1975, pp. 118-119) suggested that die 
habit in Paleozoic plants may have been an adaptation ^)edf- 
ically for protection of the rq>roductive organs agaimt heav'v 
rain, rather than having any temp^ature signtAcance. 

Roots are regarded as among the lea^ senative oi the major 
plant organs to dimaAc variaUes. There are ^pedal cases, 
however, w'here they' hav'e environmental signiAcance as, for 
example, in the occurrence of pneumatophores or breathing 
roots found in swamp plants. Die presence of these structures 
or of subaerial roots of the ty'pe found growing fiat near the 
ground surface suggest poorly aerated soil and plants growing 
in bogs or swamps with a diallow but permanent water covt^. 
The anatomical structures of such roots (i.e., the pres^ice of 
air chambers) may confirm their fumrAon of regulaAng air 
supi^y in a sw'amp environment. Aerial or sAlt roots d the 
type found among modem mangroves have also been reported 
for some Paleozoic plants. The comfdex of anatomical ami 
morphological features found in the roots of Amydon^ a Penn- 
sylvanian cordaitakan, for example, can only be matched 
among mockrn mangrov'es. This condusion led CridlaiKi 
(1964, p. ^1) to suggest that this gvinno^ierm must hav'e oc- 
cupied a similar habitat in “tropical or subtropical saAne 
sw'amps of shdtered marine shores and estuaries. . . Addi- 
Aonal samples of the use of roots in interpreAng the envlron- 
rr\ent of Carboniferous plants are provided by Potonie (1911) 
White (1913, 1925, 1931), and Noe (1331). * 

Luxuriance of growlb as predicted from size and abundance 
of plants has also been used as a basis for climaAc condurions. 
The small size of plants from the Hermit Shale (Permian, Ari- 
zona) reinforces sedimentary' data rdaAve to the unfavorable 
climate under which these plants lived (White, 1929). The 
stunted appearance of Chester age plants from Illinois and In- 
diana, together with the gei^al poverty' of the flora and the 
presence of xerophytic characters, led White (1931) to suggest 
unfavorable condiAons of grnw'th. By contrast, the “lush” Car- 
bondale floras of Indiana and Illinois together with the large 
size of the leaves and trunks were “proof of ample rainfall.” 
DilaAon of tree bases, a condiAon found among modem 
swamp plants, also occurs in certain Carboniferous plants 
{Cdamites and Sigillarians) and has been used to reinforce in- 
terpretaAon of their growth in permanent swamps. 

An increase in plant size during the Paleozoic (as a general 
index to luxurious growth) might be interpreted to indicate 
more favorable condiAons for growth rdative to the availabil- 
ity’ of soils, oxv'gen content of the atmosptiere. and insula Aon 
from ultraviolet radiation. Chaloner and Sheerin (1979) sum- 
marized data related to the maximum observed axis diameter 
of Late Silurian and Devonian plants. They noted that the po- 
tential for tree size w'as achieved at least by the end of the 
Devonian. Chaloner and Sheerin also pointed out that more 
complex plant communiAes w'ould have been possible as a re- 
sult o^ an increase in plant size, because straAficaAon possible 
with plants of different sizes w'ould have led to “different 
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miat>-en\ironfnents at different levels of light intenafy and 
humidity.** 

Land Plants 

During the Early Paleozoic we have the Brst evidence for the 
presence of hi^i^, land plants and, following th«n, 
land animals. Although tlw time interval for the initial advent 
of land {^ants remains in qi^sdon, the earliest known vascular 
{^ant megafosslls have beai found in the Wenlodc (eariy Late 
Silurian) of Great Britain (Edw ards and Fedian, 1980) and 
possiUy in the law Llandovery or Wenlodc of North Affica 
(Boureau et a/., 197 1); the earliest specimens attributed to 
notivascular lami {^ants in the Llandovery (Early Silurian; 
Pratt et al,^ 1978) and records of varied land plant microfosstls 
(trilete ^res, qx>re tetrads, and cuticle remains) have been 
foui^ horn Pridbli (latest Silurian) to the Caradodan portion 
of the Ordovician (Middle Ordovician; Cray and Boucot, 
1971, 1978; Cray do/., 1974, 1980). From this information It 
can be conduded that the land estate was possibly gained as 
early as the Mi<kQe Ordovician. This benchmark has varied 
meaning to the dimatologist with regard to the oxygen bud- 
get* CO^ content of the atmoq^ha^e, incidence of ultraviolet 
radiation, soil formation, and odier factors. 

Paleosols 

A gr^t deal is known about the climatic significance of vari- 
ous soil types, alffioc^h Paleozmc paleosols have lar^y es- 
caped attention except for studies related to the significance of 
the mineralogy' of Permo-Carboniferous underdays in coal 
deposits. 

Boucot and Cray (1980) s>mthesized data on paleosols and 
soil products currendy recognized in the Paleozoic, mduding 
kaolins and bauxites, as wdl as gibbrite, boehmite, and ^ery 
dqx>rits, the last being the regionally metamorphosed equiva- 
lent of alumina-rich soils. Additional data on PaleoToic ^eo- 
sols is summarized by Retallack (in press). 

At present. Paleozoic paleosol data are too limited for inde- 
pendent dimatic condusions, although the data may provide 
useful constraints. The distribution of Paleozoic calcretes, for 
example, provides insist into regions of very moderate 
seasonal rainfall. Such information may be combined with 
similar data for evaporite and coal distribution to make 
dimatic conclusions more realistic. Pre-Carboniferous Paleo- 
zoic calcretes are largely restricted to the Devonian. Dinelev’ 
(1963) and McKerrow^ et al. (1974) described Late Ludlovian 
or Early Pridolian age calcretes from the upper Red Member 
of the Moydart Formativ n of Nova Scotia. Allen (1974) 
described Downtonian (Pridolian) calcretes from England and 
has documented a number of occurrences of Lower and Upper 
Devonian calcretes in nonmarine sequences in England, 
Wales, ar.d 5kx>tland. Dindey and Hickox (1974) described 
calcareous nodules and conglomerates from the Lower Devo- 
nian Knoydart Formation of Nova Scotia that arc similar in all 
respects to the same age calcretes from Britain described by 
Allen (1974). Woodrow ef al, (1973) found similar calcretes in 
the Middle and Upper Devonian of New York. McPherson 
(1979) notes Upper Devonian calcrete from Antarctica. D. L. 
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Woodrow (Hobart William Smidi Colleges* personal 
communication, 19* mentioned that Brian C. Jones, Uni- 
versity of Wollongoiig, finds Upper Devonian calcretes in Aus- 
tralia. Loope and Sdimitt (1^) reported calmte horn the 
P^insylvanian of Wyoming. We have rec^tly ohserved 
Lowar D^onian calcrete in eastern Yunnan Province, south- 
western China. 

Yaalon (The Hebrew University, pmonal communication, 
1979) wrote that ''calcrete develops best unck»r semiarid condi- 
tions, with an optimum [rainfall] about 300-350 mm, Le., 
when the soil absorbs all the moisture and thm is practically 
no recharge to groundwater. Above 600 mm leadiing is too 
strong and too frequent to form secondary CaC03. In hdly 
arid regions, calcrete forms slowly aiKl at shallow^ de|^is and 
gypcrete is more common, provided sulphate is available . . . 
laterite |^us bauxite . . . require mudi more humid condi- 
tioiB, but . . . seasonal aridity (about 2 months) is frequently 
a prerequisite, to enable groundwat^ levd changes and/or 
tl^ drying of seepages that lead to the irrevosiUe hardenii^ 
of the accumulated sesquioxides.” 

Widespread Lower and Upper Devonian calcretes in the 
Caledonian Bdt of Britain, and from Nova Scotia to New York 
in the Appaladiian Bdt, as well as in the Uj^so* Devonian 
Antarctica and the Lower Devonian of southwestern China 
hdp to extend the arid zone into those regions, althou^ the 
absence of evaporites in all them previously provided some- 

what ambiguous climatic information. The occurrence of Up- 
per Devonian coal in North America (Heckri and Witzke, 
1979) and in Spitsb^gen and Bear Idand far to the north of the 
Devonian calcretes indicates a consistent dimatic differ^Kre. 

Phosphorites 

Possible evidence regarding ancient oceanic drculation pat- 
terns of dimatic importance can be obtained from tne distri- 
bution of marine phosphorite deposits. Boucot and Gray 
(1980) summarized the Paleozoic occurraKe of these deposits 
and discussed some of the principal possibilities for their g^ie- 
sis. There is reasonable evidence that at least a few- of the Pale- 
ozoic phosphorites, such as those of the Permian in w^estem 
North America, are best considered to indicate upwdling 
from deep w^ater on the western margins of mid- to low- but 
not lowest-latitude major land areas. However, not all phos- 
phorite deposits of the Paleozoic can be regarded as having 
had such an origin. 

Glacial Deposits 

Boucot and Cray (1979, 1980) and Crow'dl (Chapter 6) syn- 
thesized the major sources of data pertaining to Paleozoic ^a- 
dal cfeposits. The latest Ordovician provides evidence for ex- 
tensive southern hemisphere Gondwana-region glaciation; so 
does the Late Carboniferous-Early Permian. The regional 
limits of the areas affected differ. Evidence for the Late 
Paleozoic suggests that a number of glacial centers were pres- 
ent but that they were not simultaneously active. No evidence 
exists for extensive glacial activity ?t sea level during the Pale- 
ozoic at times other than those specified above. It is reasonable 
to assume, however, that many Paleozoic mountain belts were 
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glaciated at e!e\'ations greater than 1000 m above sea lev'eh 
although evidence is lacking because of the destruction of 
high-elev ation regions by erosion. 

Mountain Belts 

Mountain bdts are a common feature for many intervals of 
die Paleozoic: these belts are now preserved only as their oroded 
roots. The distribution in time and space of the widespread 
Paleozoic orogenic belts would provide an additional set of cli- 
matic elites. The time interval of orogeny must be accurately 
dated to know when stteh orogenic belts pre^unabiy had di> 
matologically significant devations. 

Both mountain building and erosion may be rdadv'dy 
rapid geologic processes, each occupying no more than a few* 
million years. Althou^ the average or maximum devation of 
Paleozoic mountain bdts may be estimated from the volume 
of ddiris eroded from them^ from their area, and from the in- 
terval of time during whidi the mountain bdt was bang up- 
lifted and eroded, such estimates are too imprecise to be of 
value to the dimatologi^. Nevothdess, orographic ejects 
may be useful in hdping to ex{^ain some dimatologiad anom- 
alies, and this possibility' should be kept in mind. 

Summaries of moiintain-bdt locations are readily available 
in the literature for the Paleozoic, period by period. The 
rdiability^ of the data decreases with time. For the Cambrian 
pa.riicularly, there are some large uncertainties in the cur- 
rently available data. 

Regression- T ransgression 

For many Paleozoic time interv^als, rdativdy detailed infor- 
mation on dianging shordine positions is av ailable. This is the 
prindpal data of paleogeographic maps. Ulien synthesized on 
a global scale, the maps provide a measure of the percentage 
of the continental areas covered with shallow seawater. These 
data should provide insight into changing albeck) values. 

The climatologist should understand that the relative 
amount of seaw ater cover on the continents varies from time 
interval to time interv'al and from continent to continent. 
North America, for example, had a large part of its area cov- 
ered by shallow^ seas during the Paleozoic. Africa in contrast 
had a large part of its area above sea levd during the Paleo- 
zoic. The Early Cambrian had far more overall continental 
area above sea level than did the mid-Silurian. A time se- 
quence of paleogeographic maps (i.e., Boucot and Cray, 
1979, 1980) is necessary, therefore, to e\ alnate this regression 
and transgression of the Paleozoic seas from the continents. 

Paieowinds 

There have been several attempts to use sedimentary' struc- 
tures formed by wind as a measure of wind direction of the 
past. For the later Paleozoic, Poole (1964), Runcorn (1964), 
Glennie (1972), and Van Veen (1975) provided good .summa- 
ries of the kinds of data employed. Although aeolian deposits 
are neither common nor widespread during the Paleozoic, ad- 
vantage should be taken of the data to provide information on 
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average wind direction, bearing in mind that a large sample is 
itecessary* before conclusions have any real significance. 

Krinsley and Wellendorf (1980) suggested that microsculp- 
turing on quartz grains provides evidence about the last wind 
v'docity* to w'hich the grain w'as subject. It these data prove re- 
liable, they* should provt(k wind veloddes for some Paleozoic 
aeolian deposits, as w^ell as vdocides for ""floadng** quartz 
grains found here and there in marine sediments. 


SUMMARY OF SILURIAN AND 
DEVONIAN CLIMATES 

We have discussed categories of data that have proved usdul, 
or are potendally useful, in reconstructing Paleozoic climates. 
We now proride an example of how the data can be used to 
determine something about the dimates of the Silurian and 
Devonian. 

The reconstruction of past dimates is intimatdy involved 
with the reconstruction of past geographies. We begin with a 
brid consideration of one possiUe intopretation of Early Pa- 
leozoic paleogeography — the Pangadc. The dimatdogist may 
wish to test this and the many alternative recon^nictions for 
the Paleozoic geno^ated by interest in plate tectonic concepts. 

Figures 21.1 and 21.2 present a possible intopretation o/ 
Late Silurian and Early Devonian paleogeography within the 
Pangaeic framework. The canons on which this interpretation 
is based and the data used to support it have been discussed in 
detail elsew^here and need not be repeated here (Boiteot and 
Gray, 1979, 1980). We would like to comment, however, 
about one facet of phy^cal geology' that may inRuence accq>- 
tance or consideration of the Pangaea — we refer to the as- 
sumption of some geologists that all mountain bdts, tectonic 
zones, and of^iolite occurrences represent suture zones for 
areas previously separated by thousands of kilometers. Siteh 
an assumption often sets up situations that are biogeographi- 
cally and oceanographically unworkable in terms of oceanic 
dreuiation patterns itecessarv' to exj^ain the available data. 
For example, Scotese et aL (1979) provided a set of period-by- 
period paleogeogiaphic maps for the Paleozoic that assume 
that most orogenic and ophiolite belts indicate the locatio of 
andent plate boundaries to either side of which there was a 
large amount of movement. They also assumed that thdr se- 
lected paleomagnetic data are reliable. Their maps suggested 
a fragmentation of Asia during the Paleozoic for w'hich good 
geologic and paleontological r l^jence t i the contrary exists. 
Chang (1981, p. 184) comments “ . . Ziegler et al. (1977) placed 
Chinese Tibet on the equator contiguous with the rest of west- 
ern China and directly opposite Australia across a seaway. 
Two years later the same group of authors [Scotese et al. 
(1979)] placed Chinese Tibet adjacent to India but very' dis- 
tant frv>.n China.** No justification for this major change was 
provided. Their interpretation was also inconsistent with 
what we now' conclude about surface ocean-current drcula- 
tion ba.sed on the biogeography of the Cambrian through the 
Devonian. 

Hall (1980) indicated why one such tectonic belt, located in 
the Mediterranean region, had nothing to do with significant 
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FIGURE 21.1 Pangaeic diagrammatic reconstruction of the Upper 
Silurian (from Boucot and Cray, 1980). 
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seafloor spreading. Similarly, the orogenic belts of later and 
mid^Paleozoic age situated along the eastern margins of North 
America (the Appalachian s\stem), and corresponding units 
of the western margins of Europe (the Caledonide sv'stems in 
particular, plus sonie parts of the Hercy nian), provide us with 
little solid data with regard to their Paleozoic geographic rela- 
tions to each other. Although a w ater body separated much of 
eastern North America from w'estern Europe and northern 
Africa during the Late Silurian and Early Devonian (the 
“lapetus’* of some w riters), the physical data are unconvincing 
whether it was of the magnitude of the Mediterranean, the Pa- 
cific, or something in between. Thus, each belt or zone must be 
considered on its own merits. 

Although we dc not regard Figures 21.1 and 21 .2 as maps in 
the strict sense, we believe that they provide a more rational 
sy nthesis of the varied pre-Carboniferous lithofacies and bio- 
facies data on w hich they are principally based than do other 
types of pre-Carboniferous paleogeographic reconstructions. 
Engel and Kelm (1972) employed a similar Pangaeic recon- 
struction for the Precam brian, although basing it on data dif- 
ferent than ours because of the earlier time interval. In 
addition to biogeography and lithofacies information, our re- 


FICURE 21.2 Pangaeic diagrammatic reconstruction of the later 
Early Devonian (from Boucot and Gray, 1980). No coals are known 
for this time inter\al. Coals are present in the Middle Devonian of 
Gaspe and Pirate Cove between the La Garde and Pirate Cove For- 
mations (P. J. Lesperanct, Univer^ite de Montreal, personal commu- 
nication, 1981). Coals are widespread in the modern .\rctic and Sub- 
arctic regions in beds of Late Dev onian Age. Recent work in China has 
shown that a major land area is present only in the so-called Sino- 
Korean platform area of east-central China and Korea to the east. 
Wang Yu etal, [in press) have provided the evidence for the presence of 
a major biogeographic unit, the South China Region of the Old World 
Realm, which takes in most of South China plas adjacent North Korea 
as far south as the Red River Valley. In the Eifeleian, the South China 
Region is distinct from coeval faunas present in the Shan States of 
Burma. The closest affinities of the latter are with the Rhenlsh- 
Bohemian Region. The Late Devonian biofacies and lithofacies data 
necessitate a major shift of the Devonian continental units from the 
position shown here to one with a closer approach to the geography of 
the Carboniferoa*. There Is good evidence for the presence in the 
Silurian and Devonian of a single Uralian-Mongoltan volcanic-rich 
geosyncline situated between a Siberian- Kolyma Platform to the 
north and a Chinese block to the .south of the Mongolian region part of 
the geosy ncline. The present fragmented nature of this east Asian 
region is a post- Mesozoic phenomenon. 



196 


ABTHURJ. BOUCOT and JANE CRAY 


constructions outline surface oceanic circulation patterns that 
will reproductively connect the same biogeographic unit pres- 
enl in two or more areas, i.e., surface current patter as that are 
consistent with the present known biogeographic data. 

For the Silurian, the chief source of climatic information, in 
addition to biogeography, is the distribution of evaporites and 
carbonate (including reefs) and noncarbonate rock sequences. 
The carbonate and reef facies, denoting tropical to warm tem- 
perate conditions, are confined to the North Silurian Realm. 
Silurian coals have not been recognized. Paleosol data of cli- 
matic significance are limited: calcretes, indicative of semi- 
arid or .seasonally arid regions, are confined to the latest Silurian 
where their distribution complements known areas of major 
Late Silurian evaporites. The significance of phosphorites is 
too poorly understood within the Silurian to employ them as 
clues or even as definite indicators of oceanic circulation. 

Paleociimatic data for the Devonian are more varied. Fig- 
ure 21 .2 shows biogeographic subdivisions for the Early Devo- 
nian as wdl as some lithofades data. As in the Silurian, car- 
bonate rocks continue to be absent from the Malvinokaffric 
Realm. For the Late Devonian the distribution of coals (hu- 
mid indicators) is shown latitudinally separated from that of 
e\*aporite$ (arid indicators) in North America. Similar data 
are available for the Devonian of Eurasia and Australia for 
both the Middle and Late Elevonian (Oswald, 1968). As in the 
Silurian, the distribution of Devonian calcretes complements 
the distribution of evaporites. Lacustrine beds in northern 
Scotland yield authigenic aegirine compatible with a semi- 
arid, possibly seasonal climate (Forte>- and Michie, 1978). 
These data are consistent with low-latitude humid climates 
and middle- to high-latitude dr>' or seasonally dr>^ climate;. 
Paleosols of seasonally humid-arid implications (bauxites, 
kaolin, and other lateritic products) are prominent in the 
Uralian region and are also found in Siberia and Iran. Their 
distribution implies a regional climatic anomaly incoasistent 
with a latitudinal, completely parallel distribution of humid 
climate in low and middle latitudes and relatively arid and 
seasonal climate in higher latitudes. 

In sum, lithofacies and biofacies evidence for most of the 
Silurian and Devonian indicate the presence of a major 
southern hemisphere high-latitude region (the Malvinokaffric 
Realm) lacking carbonate rocks, reefs, redbeds, evaporites, 
coal deposits, and other evidences of warm climate. During 
the Si!urian and Devonian there are widespread evaporite 
belts deduced to have been present in low (but not lowest) to 
middle latitudes. These are best preserved during the Late 
Silurian, the Middle Devonian, and the Frasnian (lower half 
of the Late Devonian) but are poorly represented in both the 
Early Silurian and Early Devonian. Varied paleosols geo- 
graphically complement the di.stribution of evaporites for the 
most part. Silurian-Dev'onian redbeds are widespread in 
regions ringing the Malvinokaffric Realm in consort with 
other evidences of wan ; climate. Coal deposits are present in 
the Late Devonian in regions deduced to represent low 
latitudes. 

During most of the Silurian and Devonian the climate may 
be characterized as having had a high latitudinal gradient, less 
than during intervals of exteasivc glaciation such as the Per- 


mian and Quaternary but higher than that of the Lower Car- 
boniferous and much of the Mesozoic. Continental glaciation 
in the southern hemisphere also marks the end of the Ordovi- 
cian (the Ashgillian) as a time of highest climatic gradient. 
The absence of positixe evidence for continental glaciation in 
the Silurian and Devonian leads us to conclude that the overall 
climatic gradient was lower than in the Late Ordovician. Ca- 
ro:sd (1979) mentioned Upper Devonian tillite on the north 
side of the Amazon Basin, but no paleontologic evidence is 
provided to document that this tillite could not be of Permo- 
Carbonifmus age. Sometime during the Late Devonian, 
however, the dimate of the high-latitude Malvinokaffric 
Realnrapj^rs to have ameliorated, and the Realm no longer 
existed as a biogeographic unit. These changes are consistent 
with the presence of a globally low dimatic gradient similar to 
that which characterized the Early Carboniferous on a global 
scale. 


SUMMARY AND CAVEATS 

To understand Paleozoic climates, detailed time-sequence 
maps are necessary' on which shordine positions for the conti- 
nents are indicated. On these should be plotted the boundaries 
of biogeographic units, lithologic data (distribution of redbeds, 
carbonate-noncarbonate rock sequences, evaporite and coal 
deposits, paleosol and facial deposits, and phosphorites of the 
upw'dling ty'pe), mountain belts, and biological information 
of environmental significance. Only then can climatic deduc- 
tions and constraints be suggested for the Paleozoic. Maps such 
as Figures 21 . 1 and 21 .2 and those by Boucot and Cray (1979, 
1980) are a beginning but include only a fraction of the usable 
data. Maps for the Devonian by Heckel and Witzke (1979) are 
wdl-documented attempts to sy nthesize more varied climatic 
indicators, with emphasis on sedimentary' data. 

Probably the chief warning to the climatologist attempting 
to reconstruct Paleozoic climate and climatic events is to 
employ as short a time interval as possible but one lengthy 
enough to provide sufficient global data to permit informed 
speculation. For the Paleozoic, time intervals of 10-15 m.y. 
are usable, and it is improbable that units much shorter than 
that can be synthesized in the near future. In geologic terms 
this means that a geologic Period, measured in tens of millions 
of years, is commonly too large a unit for which to collect 
meaningful da*^a because there is good evidence that globally 
significant shifts in the position of climatic belts, as well as 
changes in the global climatic gradient, have taken place dur- 
ing these lengthy inter\als. For example. White (1931) con- 
trasted the plant remains of the Late Mississippian (Chester) 
with those of the earlier Penasyivanian of the Eastern Interior, 
noting that the former have a **generally stunted** appearance 
and “more or less distinctly xerophytic characters,** whereas 
the general luxuriance of the Pennsy'lvanian vegetation to- 
gether with its large size and other features clearly indicates 
not only equable climates but ample rainfall. In the Carboni- 
ferous of the Northern Appalachian region (New England 
through Newfoundland) the Early Carboniferous (Mississip- 
pian) is characterized by the deposition of evaporites such as 
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those of the Windsor Group, whereas the Late Carboniferous 
(Pennsylvanian) was sufficiently humid to permit the accumu- 
lation and preservation of enough plant materia! to form 
economically important coal beds. In a recent publication 
Habicht (1979) confused this paleoclimatic evidence by plot- 
ting evaporites and coals together on the Carboniferous map 
of the Northern Appalachian region without regard for the 
fact that they accumulated at different times. Habicht (1979) 
presented a similar anomaly for the Cambrian of North 
Africa, where the Early Cambrian includes many marine car- 
bonate beds, indicators of warm climatic regime, whereas the 
Middle and Late Cambrian lacks carbonates and is character- 
ized by a cool climate marine fauna. We have pointed out 
earlier (Boucot and Gray, 1979, 1980) that in the Antarctic 
Devonian, the Early Devonian is of cold dimate, Maivinokaf- 
fric Realm type, whereas the Late Devonian is of warm type 
and even includes a recently discovered calcrete (McPherson, 
1979). 

Recognition that the time correlation of the features being 
discussed here have different values is crucial. Marine car- 
bonate rocks rid) in fossils can probably be corrdated with a 
precision within 2-3 m.y. The dating of nonmarine bauxites 
and varied paleosols may be mudi more approximate and in 
some instances no more precise than 10-15 m.y. Therefore, the 
dimatologist should continually consult vdth the biostrati- 
grapher-paleontologist to make certain about the reliability of 
the correlation and the precision of the data being employed. 
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